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Abstract
In　acoustic　communication，　when　interchanges　between　a　signaler　and　a　receiver　occur
within　a　predet　ermined　time　interval，　such　behavior　is　terlned　tum．－ta㎞g．　Turn－taking
is　a　fUndamental　aspect　oflinguistic　performance，　and　thisおrm　ofco㎜unication　is
shared　by　many皿on－human　species．　Hence，1　consider　turn－taki皿g　a　faculty　of　language
血abroad　sense．　Little　is㎞own　about　the　neural　mechanisms　oftum－ta㎞g　in　humans；
estabIishment　ofbiological　mode正s　is　required　for　such　studies．　Here　I　revea1，　f（〕r　the
frrst　time　in　rodents，　that　it　is　appropriate　to　refer　to　the　acoustic　c。㎜unication　of
naked　mole－rats，　a　rodent　with　a　complex　hierarchical　society，　as　tum－ta㎞g．　Moreover，
the　acoustic　properties　ofsounds　used　fbr　t㎜一taking　and　the　emission　raLtes　of
vocalizations　vary　with　social　dominance　rank；thus，　tum－ta㎞g　might　contribute　to　the
recognition　and　maintenance　o　f　social　relat量onships、　Therefbre，　this　system　could　be　an
excellent　biological　m。de正for　turn一重a㎞g．　As　a　neuronal　substrate　for　these　kinds　of
behavior，　inter－connections　between　the　auditory～and　vo　cal　systems　are　highly　probable．
In　addition，　severaI　different　bra血areas　m量ght　be　responsible　fbr　vocal　timing
management　and　social　cognition．1　confirmed　the　major　auditory　brain　pathway　o　f
naked　mole－rats　usi皿g　neuroanatomical　techniques．　Moreover，　I　showed　that
heat－e正ectric　lesion　ofthe　medial　prefi℃ntal　cortex，　a　brai皿area　thought　to　be並voIve（圭
i皿social　cognition，　reduces　differences血emission　rate　dependhlg　on　the　social　rank
relatienship　between　individua正s．　Thus，　I　revealed　a　part　o　f　the　neurona正circuit　fer
turn－taking　and　the　brain　area　respensible　fer　social　rahk　recognition　in　naked　mo　le－rats．
Further　stUdies　ofthis　system　wil1　provide　fUndamental　knowledgc　to　understand　the
neural　mechanisms　behnd　turn－taking　in　humans．
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Generall　ln｛roduction
Communication　using　one・dimensional　signals
Sending　and　receiving　infomiation　precisely　is　key　to　any　communication，　whatever　the
modality．　Precise　visual　communication　requires　the　use　of　prominent　and　distinctive
figures，　colors，　or　movements．　Avoidance　of　contamination　is　important　for　chemical
communication，　while　precision　i且auditory　communication　depends　on　the　effective
range．　Avoidance　of　overlap　is　essential　when　communicating　with　one－dimensiona正
signals　su．ch　as　sound　or　substratum　vibration．　This　is　an　essential　prerequisite　fbr
transmitting　informati。n　necessary　for　repro　duction，　searching　for　offspring　in　crowded
conditions，　maintaining　group　contact　in　brush　while　avoiding　outSiders，　and　under
many　other　circumstances．　If　signal　overlap　occurs，　precise　transmission　and　receiving
of　information　may　be　impossible（Stokes＆Williams　1968）．　Furthermore，　accurate
source　Iocalization（through　binaural　comparison　of　arrival　times）is　difficult　when
signal　start　and　end　points　are　obscured（Marler　1959）．　Thus，　one　animal　must　send　its
signal　after　a　preceding　signal　had　ended．　Sometimes　the　second　signal　is　a　response　to
the　first．
　　　　　This　altemation　of　sigllaler　and　receiver　is　referred　to　as　ttユm－tak孟ng，　and　this
terminology　has　been　applied　exclusively　to　human　dialog．IThis　exclusive　application
may　have　resulted丘om　the　a『bsence　in　animals　of　certain　components　of　human
communication　such　as　grammar，　prosody，　semantic　components，　and　nonlinguistic
information．　Ofmore　fUndamental　importance　is　the　fact　that　the　tenminology　developed
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within　the　discipline　of　linguistics（Sacks　et　al，1974），　a　field　that　used　to　be　far　f士om
animal　communication　research．　In　contrast　to　the　conventional　view，　I　classifソanimal
multidirectional　communication　within　the“tum－taking”terminology　because，　in　both
animals　and　humans，　the　key　feature　ofthis　phenomenon　is　an　altemation　of　signaler
and　receiver．
　　　　　Tum－taking　in　animals　occurs　among　taxonomica正ly　diverse　species　that　share
many　characteristics．　Here，　I　review　various　types　of　multidirectional　communication
through　one－dimensional　signaling（including　sound　and　substratUm　vibration）．　I
present　an　evolutionary　hypothesis　and　directions　fbr　fUrther　research・
Classification
Befbre　considering　the　diversity　of　turn－taking　behavior，　it　is　necessary　to　provide　a
precise　definition．　Consider　the　children’s　game　hide－and－go－seek　played　in　aL　thick
fbrest．　In　this　game，　there　is　a　rule：no　speech　other　than　just　shouting　to　one　another
“Heey！”or“Oooi1”Under　these　circumstances，　how　do　the　participants　know　whether　a
shout　is　a　response　to　one　that　has　already　been　heard，　or　an　independent　vocalization
searching　fbr　a　response？The　reply　latency　is　the　most　direct　and　easily　interpretable
，cue，　A　second　signal　arriving　within　a　certain　time　window　fbllowing　the　first　can　be
interpreted　with　certainty　as　a　response．　However，　a　second　signal　that　is　too　early　or　too
late　may　not　be　assigned　response　status．　Eve皿wh6n　fbee　talk　is　allowed（i．e．，　without
the　rule　above），　reply　latencies　provide　the　most　important　information，　especially　fbr
remote　co㎜㎜ication．　This　thought　experiment　is　supported　by　empirical　evidence
丘om　insects．　For　example，　in　duetting　bushcrickets，　males　initiate　female－trackillg
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responses　only　when　the　females　respond（by　emitting　a　click　sound）to　the　males’calls
within　a　narrow　time　window（Zimme㎜ann　et　aL　1989）．　Hence，　I　regard　tum－taking
「behavior　as　altemating　signal　transmission　between　participants，　w三th　defined　reply
亘atency，　or　response　time　window．
　　　　　In　fbllowing　sections，1　review　featUres　of　tUrn－taking　among　different　taxa．
Based　on　re正ationships　between　senders　and　receivers，　I　was　able　to　classifシtum－taking
behavior　into　one　of　chorus，　duet，　or　antiphony．
Cbor皿s
Chorus（Fig．1，left）is　well　know且among　anurans｛and　insects，　The　sou且ds　are面en
heard　outdoors　at　night丘om　spring　through　autumn．　Although　dawn　singing　behavior
ofbirds　is　also　referred　to　as　a　chorus（Christie　et　al．2004），　it　does　not　fall　within　my
definition　because　fixed　time　latencies　are　lacking．　Almost　all　insect　and　anuran　choms
vocalizations　are　emitted　by　males　only．　The　fixed　latency　period　simply　avoids　the
overlap　of　advertising　signals，　and　there　is　no　response　per　se　to　preceding　signals
（Gree面eld　et　al．1997）．　In　this　sense，　males　do　not‘‘communicate”through　the　signals，
but　they　still　use　the　information　to　deal　with　competitors，　as　discussed　below
Duet
When　a　male－female　pair　emits　sigrtals　in　collaboration，　the　behavior　is　terrned‘‘duet”
（Fig．1，middle）．　Duet　is　fbund　in　insects，　anurans，　birds，　and　mammals，　including　some
primates鋤d　a　r・dent，　but　is　less　c・mm・n　in　insects鋤d　anurans血an　is　ch・rus（Bailey・
2003）．At　least　3％ofavian　species　have　duet　behavior　while　half　ofbirds　are
song－Ieamers（Farabaugh　l　982）．　Du，et，　as　defined　here，　also　occurs　among　species　that
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are　not　song－leamers，　such　as　quail（Stokes＆Williams　1968）and　crane（Archibald
1976），Duetting　species　have　antiphonal　signal　transmission，　or　sometimes，　pair
members　emit　the　same　signaIs　in　unison（Geissmann　2002；Hall　2004）．　In　duet，
animals　communicate　with　one　anLother，　each　responding　to　the　preceding　signal，　i．e．，
both　pair　niembers　interpret　the　sigrials．　Thus，　an　animal　may　respond　to　signals食orn
one　individual，　while　igno血g　those　f士om　another．　C正early，　to　dis血guish　whether　a
sigエlal　is　chorus，　duet，　or　antiphon，　it　is　necessary　to　examine　its　fUnction．．
　　　　　In　birds　and　primates，　duetting　can　be　a　very　complicated　vocal　interaction　with
each　part　consisting　ofmultiple　notes，　and　such　vocalizations　are　often　referτed　to　as
“duet　songs，”　which　are　much　more　complicated　than　simple　forms　oftUrn－taking
behavior．　Although　animals　that　emit　duet　songs　often　show。ther　forrns　of　tUrn－taking
beha》ior，　there　is　little　information　on　whether　these　involve　common　neural
mechanisms．　In　European　starling，　it　appears　that　song－leam．ing　develops　dif壬brently
丘om　tum－taking，　which　app6ars　in　the　behavioral　repertoire　well　before　song－leaming
（Chaiken　1990）．　Moreover，　there　is　little　evidence　that　learning　is　required　for　either
birds　or　gibbon　to　produce　elaborate　antiphonal　duets（Geissmann　2000；Hal12004）
although　gibbon　showed　minor　changes　in　the　vocal　structure　of　duetting　immediately
after　a　fbrced　pair　exchange（Ge重ss皿ann　l　999）．　Nevertheless，　much　time　is　required　fbr
achievement　ofperfectly　coordinated　vocal　behavior　in　unison　species（Wickler　1980；
Wickler＆Seibt　1980）．　At　least　for　the　antiphonal　duet，　animals　do　not　require　learning．
Antiphony
When　more　than　two　animals　transmit　sounds　among　themselves　in　response　to
preceding　signals，　the　communication　is　considered　antiphonal（Fig．1，right）．
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　4
Antiphonal　signaling　occurs　among　many　different　taxa　ofbirds　and　mammals，
including　some　primates，　bats，　and　a　rodent．　These　are　often　group－dwelling　anirnals
living　in　environrnents　where　visual　cues　are　unreliable（01iveira＆Ades　2004）．　The
vast　maj　ority　of　species　do　not　show　this　behavior．　In　antiphony，　communicating
individuals　are　not　just　males．　They　may　have　various　relationships，　such　as
mother－offspring，　sibling，　and　group　members．　As　in　duet　communication，　antiphonal
animals　respond　to　preceding　signals．
　　　　　There　is　no　indication　that　animals　leam　tum－taking　behavior．　This　is　true　for
European　starling，　in　which　antiphonal　vocalization　betWeen　brood　mates　and　betWeen
chicks　and　parents　is　observed　as　early　as　7－18days　post－hatching（Chaiken　l　990）・
Moreover，　squirrel　monkey　infants　call　b　ack　to　adults　in　a　few　days　after　b　irth（Biben
1992）．Similarly，　there　is　report　that　human　infants　as　young　as　28　days　replied　to　adults
（Valentine　1942），　but　commonly，　this　occurs　around　3－4　months－of－age（Anderson　1977；
Bateson　1975；Papousek正982；Stern　et　al．1975）．　Pre－terrn　infants　are　less　responsive　to
their　mother’s　talk　than　are　term　infants　at　40－50　d　ays　after　birth（Reissland＆
Stephenson　1999）．　Hence，　existing　evidence　suggests　that　animals　develop　the　ability
fbr　antiphona正vocalization　at　a　very　early　stage　of　life・
Functions
hl　previous　sections，1　classified　tUm－taldng　behavior　based　o且the　relationship　among
the　anilnals　involved．　To　reveal　fUnction，　i．e．，　the　meaning　ofthe　signal，　I　also　need　to
know　the　type　of　information　that　is　encoded，　and　the　benefits　or　detriments　that　it
confers．　The　meaning　of　the　signal　is　examined　by　calculating　the　correlation　betWeen
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signal　properties　and　characteristics　of　the　signaler，　and．　then　testing　whether　values
predicted　by　the　signal　property　agree　with　the　signaler’s　characteristics，　and　vice　versa，
The　benefits　and　detriments　are　investigated　by　observing　the　consequences　ofthe
signal，　e．g．，　which　individual　fbund　or　lost　fbod　resources，　escaped　or　was　caught　by
predators，　attained　or　missed　prospective　mates，　and　so　on．　Although　a　sender　may
intend　specific　individuals　as　receivers，　other　individuals　may　also　perceive　the　signal．
That　is，　communication　signals　have　potential　extra－group　fUnctions　in　addition　to
intra－group　fUnct量ons．
Cllorus
Most　animals　can　not　live　alone；finding　a　prospective　mate　is　fundamental　for　sexually
reproducing　species．　Moreover，　choosing　the　best　mate　is　often　important　for
reproductive　fitness．　For　the　majority　of　species，　the　popu．lation　ofreceptive　fbmales　is
smaller　than　that　of　males　because　of　the　greater　female　investment　into　offspring
（Darvvin　1871）．As　a　result，　males　comp　ete　with　one　other　and／or　attract　females　in
specific　ways，　and　females　make　choices　among　them（sexual　selection）．　Male
advertisement　calls　are　a　component　of　male　competitive　behavior．　The　signals　in　such
calls　should　encode　individual　quality　precisely，　without（ieception，　a皿d　such　signals　are
referred　to　as‘“honest”（Andersson　1994；Ryan＆Keddey－Hector　1992；Ryan＆Rand
1993）．It　is　important　fbr　individual　males　to　avoid　overlap　of　advertisement　calls
broadcasting　quality．　Otherwise，　females　would　be　unable　to　perceive　the　signal　quality
and　source．　A　solution　to　signal　overlap　would　be　louder　vocalization，　overriding　signals
from　other　individuals．　Females　may　be　more　able　to　perceive　such　signals，　possibly
prefer血g　them　as　indicative　of　1arger　male　body　size．　However，　louder　vocalization
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may　be　energetically　cost亘y　fbr　males．　Perhaps，　as　an　altemative　solution，　specles　rnay
have　applied　tum－taking　to　avoid　the　physical　overlap　of　signals．　However，　perfect
antiphony　is　often　difficult　wh、en　numerous　males　compete　for　fbmales．　The　female’s
perceptual　bias　represents　an　additiollal　constraint　In　insects　and　anurans，　females
prefer‘‘leading　calIs”ofmultiple　successive　signals，　even　ifthe　acoustic　structロre　is
identical　t㎞幽ough　the　series（Dyson＆Passmore　1988；Galliart＆Shaw　1996；Grafe
1996；Greenfield＆Roizen　1993；Howard＆Palmer　1995；Minckley　et　al」995）．
Female　preference　may　be　traced　to　the　psychoacoustic‘‘precedence　effect，”in　which、
the　first　ofmultiple　successive　signals　suppresses　an　animal’s　perception　of　those　that
fbllow，　as　opposed　to　the　ph、ysical　overriding　of　signals（Snedden＆Greenfield　l　998）．
Therefbre，　the　timing　of　signal　emission　has　more　meaning　than　simple　overlap
avoidance．
Duet
Duet　signaling　is　also　strongly　related　to　reproductiorl．　For　solitary　species，　mate　finding
is　crucia1　in　both　males　and　females．　In　the　subterranean　Cape　mole－rat，　seismic　signals
may　serve　a　primary　ro　le　in　mate　attraction．　Animals　synchronize　fbot　drumming
signals　betWeen　artificial　burrows　in　a　sex－specific　manner（Narins　et　aL　1992）．　In　the
wild，　such　animals　rnay　increase　the　chance　of　meeting　prospective　mates　by　this　kind
of　long　distance　signaling・　　　　　　　　　　　　　　　　　　　　　　　．　　　　　　　　　　　　　　　　　　l
　　　　　In　most　of　species　of　duetting　insects，　males　initiate　sound　emission　with　a
relatively　long　and　complex　signa1，　while　females　reply　with　brief　signals（Bailey　2003）．
When　the　repetition　of　signals　between　the　sexes　fits　into　a　specific　time　window，　males
and　females　begin　searching　behavior．　This　behavior　increases　the　chance　of　finding
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　7
mates，　and　continual　signal　exchange　in　the　duet　may　also　fUnction　to　prevent　mate
takeover　by　other　searching　individuals（Bailey　2003）．
　　　　　Although　duets　in　birds　and　primates　may　sometimes　involve　very　complicated
vocal　exchanges（though　there　are　also　simple　cal1－response　sets　of　single　notes），　their
basic　fUnctions　are　surprisingly　similar　to　those　of　insect　duets（Geissma㎜2002；Hall
2004）．The　simplest　forrn　ofduet　is　found　amongst　quail．　These　birds　exchange
vocalizations　comprised　of　one　or　two　notes．　This　call　pattern　occurs　betWeen　unmated
males　and　females，　and　in　mated　birds　in　separation．　Quail　duets　function　in　pair
formation，　spacing　ofmales，　and　in　reuni丘cation　of　separated　mates（Stokes＆Williams
1968）．In　contrast　to　this　very　simple　pattem　is　that　seen　among　gibbon，　in　which　duets
last　I　O－30　minutes（Geissmann　2000）．　Such　complicated　vocal　interactions　in　gibbon
and　birds　likely　have　multiple　roles，　including　mate　attractionラmate　guarding，　and
resource　defense（Geissmann　2002；Hall　2004）．
Antiphony
Antiphonal　signals　often　occur　in　taxa　in　which　there　are　long－term　associations　among
conspecifics（Chaiken　1990）．　More　is　known　about　primates　than　for　other　groups
（Snowdon　2001）．　For　example，　in　cotton－top　tamarin，　antiphonal　long－calls　fUnction　to
maintain　group　cohesion，　group　spacing，　tenitory　defense，　and　mate　attraction；animals
are　able　to　discriminate　aurally　among　participating　individuals（Miller　et　al．2001）．
Gamett’s　bushbaby　exchaエige　vocalizations　between　mother　and　infant　when　visual
contact　is　lost（Becker　et　al．2003）．　Antiphony　enables　acknowledgement　of　signal
receptionL　with　certainty，　and　allows　selective　contact　with　specific　individuals（Schleidt
1973）in　environments　where　visual　cues　are　unreliable　and／or　individuals　are　sparsely
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distributed．
Evolution　　　　　　　　　　　　　　　　　　　　　　　　　・
The　evolution　of　communication　signals　is　a　consequence　of　interwoven　factors
including　ethologica1，　enviro㎜enta1，　physiological，　and　phylogenic　constraints（in
addition　to　preperties　of　the　modality）among　which　there　exist　trade－offs　to　maximize
fitness．　As　discussed　above，　in　environments　where　vision　is　limited　by　dense
vegetation，　dar㎞ess（at　night　or　underground），　or　distance，　anima1s　may　use　acoustic　or
seismic　signals　that　h．ave　the　advantages　of　immediacy　and　propagation　range．　in　spite
ofthese　advantages，　it　was　necessary，　over　evolutionary　time，　to　develop　mechanisms　to
avoid　signal　overlap　that　limits　the　utility　of　acoustic　or　seismic　modalities．　Moreover，
the　precise　coordination　ofreply　tim血g　was　necessary　fbr　reciprocal　signal
ac㎞owledgement，　and　sometimes　these　very　signals　became　those　favored　by
prospective　mates．　Here，1血st　su㎜頗ze　the　evolution　of　choms　behavior，　and　then
introduce　B　ailey’s（2003）fascinating　hypothesis　on　insect　duetting，　which　may　be
extended　to　the　evolution　of　duetti皿g　in　other　taxa．　Fhnally，　I　discuss　possible
evolutionary　processes　in　other　tum－taking　behaviors・
Chorus
I　have　mentioned　that　chorus　is　typically　a　sexually　dimorphic　behavior　where　usually
onIy　males　emit　signals．　Such、　traits　are　thought　to　have　evoIved　through　sexual
se正ection　that　has　two　components：male－male　competition　and　female　choice（Darwin
I871）．　Because　the　population　of　males　exceeds　that　of　reproductive　females，　males
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‘‘モ庶･pete”with　one　another　t｝rrough　prom圭nen£　signai夢r⑪paga重圭on．泌◎reover，　fヒmales
choose　the　more　attractive　males　with圭n　the　population，至至ke董y　bec登use癒｛書choice
results　in　more　attractive　sons　arld，　consequently，磁ore　descenda且ts（Le，，　gr¢ater
re夢roductive　fitness）．　These　two　mechanisms　are　driving　fbrces　in　the　evolution　of　male
signals，　and　hence，　sexually　dimoiphic　behavior．　However，出ere　are　constr艮in重s　on　the
evolution　Gfma璽e　signa重ing　because　signal　production　has　costs　such　as　i聡creased
predation　risk　and　energy　consumption．
　　　　　Coordinated　timing　is　a　ftnction　ofboth　the　properties　of　the　sound　signai　from
the　rnale　and　the　female　acoustic　perception　capability．　Greenfield　et　aL（1997）discuss
in　detail　the　evolution　of　coordinated　timing．　As　mentioned　above，　to　avoid　overlap，
m、ales　attempt　to　emit　a　signal　shortly　after　a　preceding　signal　has　ended．　However，　to
achieve　precedence，　the　male　must　emit　a　signal　befbre　another　competing　male　can．　As
aresult，　the　male’s　emission　rate　becomes　faster　and　faster，　necessitating　the　evolution
of　more　precise　timing　coordination　meohanisms．　Although　sexua豆se正ection　pressure　is
not　the　evolutionary　fbrce　driving　timing　coordination，　fヒmale　prefbrence　fbr　precise
timing　control　would　sQon　arise　because　males　with　this　capability　would　have　higher
reproductive　success　and，　in　tum，　mated　females　would　produce　more　offspring．
Bai匪ey，s　hypothesis　on　insect　d“ets
A　few　insect　species　exhibit　duet　behavi⑪r．　Bailey（2003）cgmp曲e丑sively　su㎜a髭ed
the　mechanisms　and　evolu、tion　of　insect　duets．｝lis　hypothesis　on　evolu．tioBary　precesses
is　very　infbrmativo　whon　appli¢d　to　tum－taking　behavior　in　other　taxa（Table　1）、蚕｛¢re，　l
introduc¢his　hyp⑪thesis　a亘d　extend　it，ねking｛且to　acco顧t　ma韮e　pop磁a匙ion．｛圭y益amics．
Bri晦b¢caus¢㎞s¢c蜘etting　is　found　acr。ss　divers奪脚（鐡d　t揺舳a1¢s幟d
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production　mechanisms　vary），　Baiiey　assumed　that　this　type　of　communication　evolved
independently　several　times．　Then，　he　assumed　that　a　primal　form　of　insect　signals
would　be　male　advertisement　calls（Table　1，［1］）．　Under　these　circumstances，　the　male
costs　of　signaling　increase　through　predation　risk，　energy　consumption，　and　male－male
competition（expressed　as　increased　sexual　dimorphism），　while　females　benefit　from
more　prominent　male　cues　through　increased　mate　acquisition（Table　1，［2D．　As　male
costs　increase，　countering　selection　pressure　may　arise（Table　1，［3］）．　Bailey　assumed
that　if　signal　prominence　decreases　through　counter　selection　pressure　from　male　costs
（Table　1，［4］），　female　searching　strategies　may　change，　with　concomitantly　increased
costs　for　this　gender，　Thus，　females　would　start　to　emit　brief，　simple　sollnds　and
duetting　begins（Tab正e　1，［5D．　Extending　Bailey’s　idea，1　assume　that　once　the　male
signal　prominence　is　maximal，　the　population　size　of　this　gender　would　decrease　as　a
result　of　counter　selection（Table　l，［3］，｛4］）．1　assume　that　female－female　competition
arises　because　of　decreased　male　abundance，　leading　to　female　duet　response（Table　1，
［5］）．　Duetting　benef　ts　males　through　reduced　predation　risk，　energy　consumption，　and
searching　costs，　while　female　energy　costs　for　signaling　and　predation　risks　increase　as
searching　costs　decrease．　Thus，　costs　and　benefits　are　balan、ced，　and　both　males　and
females　take　on　searching　roles，　Bailey　assumed　that，　under　this　circumstance，　sexual
dimorphism　in　sound　signalin、g　would　arise　again　through　sexual　selection　because　the
counter－selection　pressuξe　in　males　is　weaker　than　previously（Table　1，［6］）．
Evolution　of　duet　i皿mammal　and　aVian　species
Here，　I　discuss　a　possible　evolutionary　process　for　duetting　in　species　other　than　insects．
in　previeus　sections，1　reviewed　duets　in　various　species，　and　demonstrated　a
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comm、onal量ty　in　characteristics　and　fUnctions．　Several董ines　of　evidence　lead　us　to
believe　that　I　am　able　to　apPly　Bailey’s　insect　hypothesis　to　the　evolution　of　duetting　in
vertebrates．
　　　　　Duetting　seems　to　have　evolved　several　times　in　both　primates（Geissmann　2000）
and　birds（Helversen　I　980），　as　well　as　in　insects，　which　implies　strong　selective
pressure　for　this　behavior　in　certain　environments．　Many　animals　that　duet　are　found　in
tropical　regions　with　dense　vegetation　where　auditory　cues　may　be　the　most　important
in　mate－finding．　Most　duetting　species　have　sexuaUy　dimorphic　signals，　which　implies
differerit　selective　pressures（possibly　sexual　selection）among　genders　in　the　past、
Unlike　insects，　vertebrate　peripheral　organs　fbr　sound　emission　are　the　same　in　males
and　females，　but　the　origin　of　the　sound　may　still　differ　betWeen　the　sexes．　For　example，
Geissmann（2002）suggested　that　males　and　females　of　ancestral　gibbon　species　shared
common　songs．　He　also　suggested　that　the　origins　may　be　traced　to　the　male　solo　song，
whch，　in由m，　may　be　derived　from“loud　calls”．　Loud　calls　are　c。mmonly　observed　in
primates，　and　have　similar　fUnctions　across　taxa（Wich＆Nunn　2002）．　These
vocalizations　share　fUnctions　with　duetting　behavior．　In　new　world　monkeys，　Ioud　calls
are　more丘equently　produced　among　males　than　among　fema1es（Oliveira＆Ades　2004）．
Phylogellic　study　indicates　that　the　occurrence　of　the　male　loud　call　is　an　ancestral
condition　in　primates（Wich＆Nunn　2002）．　Therefbre，1　might　infer　that　males　evolved
vocalization　for　participating　in　duets　before　females．　　　　　　　－
　　　　　Why山en　w・uld・females・ev・lve　v。calizati・n　capability？Th吻swer　may　be
fbund　in　the　mating　system，　specifically　monogamy，　in　primates（Geissmann　2000）and
birds（Thorpe　1972）．　Although　mating　insects　do　not　form　long－te㎜relationships，
duetting　males　and　fema1es　construct　temporary　pair　bonds　through　to　copulation
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（Bailey　2003）．　In　monogamy，　female　in重ra－sex　competition　can　occur（although　it　may
not　be　as　intense　as　that　in　males），　and　this　competition　may　have　led　to　the　emergence
of　female　signaling　through　processes　that　parallel　those　affecting　the　evolution　of　duet
behavior　in　insects．　In　concordance　with　this　view，　it　is　worth　noting　that　female
vocalization　occurs　in　species　of　anurans　with　intense　female－female　competition
（Tobias　et　aL　1998）．
　　　　　However，　in　contradiction　to　BaiIey’s　hypothesis，　which　predicts　simple，　short
signals　in　females，　many　female　gibbon　and　tropical　birds　have　songs　as　elaborate　as
those　of　the　males．　How　can　this　be　resolved？One　explanation　depends　on　the　intensity
of　sexual　selection　in　females．　If　females　must　compete　with　one　another　and　attract
mates　in　the　same　way　as　do　males，　the　sexes　may　have　evolved　complex　vocalization
in　a　similar　manner．　Langmore（1998）discussed　this　possibility　fbr　duetting　birds．　An
altemative　explanation　is　unrelated　to　sexual　selection．　As　mentioned　above，　hypotheses
on　the　fUnctions　ofduetting　include　mailltenance　ofpair　bonds，　mate　guarding，　and
resource　defense．　The　complexity　ofthe　duet　may　be　beneficial　for　both　male　and
female　to　serve　for　such　fUnctions（Wickler　l　980）．
Antiphony
As　far　as　1　know，血ere　is　no　literature　discussing山e　evolution　of　antiphonal　signals
（using　my　definition　of　this　behavior）．　At　this　point，1　have　only　a　few　lines　of　evidence
t・i曲ev・luti・n・f　antiph・nal　signaling・Based・n　these・In・w　discuss　the　p・ssibility
that　antiphony　may　be　derived　ffom　duetting．
　　　　　The　evo正ution　of　antiphonal　signals　may　relate　to　social　complexity．1n　my
definition，1　distingUished　antiphony　from　duetting　only　on　the　basis　ofthe　relationship
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among　participating　animals，　and　1　did　not　consider　fUnction．　This　is　because　various
types　of　tUrn－taking　behavior　in　animals　may　have　partially　similar　fUnctions，　even
though　the　relationships　of　participating　animals（e，g．，　mates，　group　members，　etc．）
differ．　F⑪r　example，　as　I　showed，　duetting　in　birds　and　primates　is　observed　commonIy
after　pair　bond　formation，　as　well　as　du加g　the　establishment　ofthese　bonds．　Thus，
duets　often　fUnction　to　maintain　the　relationship　betWeen　mates　in　addition　to　mate
selecti。n．　Moreover，　in　many　9roup－living　animals，　mates　conrmunicate　using　signals
emitted　by　group　members　other　than　mates，　and　the　s　ame　signal　fUnctions　for　various
purposes　depending　on　the　context．　For　example，　new－world　monkeys　live　i皿groups
comprising　parents　and　their　offsp血g，　and　vocalizations　betWeen　matgs　are　the　same　as
those　betWeen　parents　and　offsp血g．　It　is　easy　to　suppose　that　communication　sigrtaling
occurred　first　between　mates，　followed　by　the　extension　to　other　fa　mily　members．
Hence，　antiphony　may　have　evolved　from　duetting．
　　　　Of　course，　this　is　a　chronological　account　within　a　history　of　a　group　formation，
but　it　is　not　an　evolutionary　perspective．　However，　in　this　colltext，　it　is　important　that
duets　have　potential　extra－pair　and　intra－pair　fhnctions　because　they　are　used　for　mate
guarding　and　resource　defense．　This　means　thLat　extra－pair　individuals　are　also　able　to
perceive　the　information　that　the　signal　conveys．　For　example，　in　duetting　birds，
counter－duetting　behavior　occurs　within　the　context　of　territorial　defense（Todt＆
Naguib　2000）．　Therefbre，　if　animals　live　in　group　s，　it　is　not　surprising　that　the　same
sounds　may　be　used　fbr　several　purposes．
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Suggestions　for　fulrther　research
Ihave　reviewed　turn－taking　behaviors　in　various　animal　taxa，　and　have　summarized
existing　in｛lormation　on　their　characteristi。s，　development，　and釦nctions．1血en
suggested　potential　selective　mechanisms　for　the　evolution　of　duetting　and　antiphony
based　on　B　ailey，s　hypothesis　of　the　evolution　of　insect　duets．　To　summarize，　the　key
featUre　of　tUrn－taking　is　the　reply　latency　in　signal　acknowledgement，　which　converges
into　an　increasingly　narrow　time　window．　Animals　have　tum－taking　ability　at　a　very
early　stage　of　development，　and　may　not　require　leaming．　Although　the　primal　fUnction
oftum－taldng　signals　was　recognition　of　other　individuals，　it　may　take　very　complex
f（〕rms　and，　in　such　cases，　serve　fbr　both　inter－and　extra－group　f㎞ctions．　Based　on　these
characteristics　and　existing　phylogenic　data，　I　hypothesized　that　all　types　of　tum－taking
signals　may　be　traced　back　to　male　advertisement　signals　that　have　evolved　into　other
forms　of　tUrn－taking．
　　　　　How　d。　my　considerations　apply　to　human　conversati。n？T㎜一taking　in　human
language　has　been　studied　in　fields　other　than　biology　since　Sacks　et　aL（1974）」ヨ【ere，　I
suggest　that　turn－taking　can　be　the　subject　ofbiological　study　by　considering　it　as　a
behavioral　phenotype　fbund　among　diverse　species．　If　tum－taking　in　human　were　also　to
be　traced　to　signals　relating　to　intra－sex　competition　and　mate　attractionL，　there　would　be
parallels　to　evolutionary　history、
　　　　　At　th三s　point　in　time，　data　fbr　animals　are　still　limited　and　I　need　more
comprehensive　studies．　It　seems　that　studies　of　simple　duetting　and　antiphony　signals
are　rarer　than　those　of　elaborate　duets，　possibly　because　dueゼ‘songs”are　so
conspicuous．　Usually，　songs　are　considered　distinct　from　other　vocalizations（often
referred　to　as　calls）because　they　occur　in　diffヒrent　contexts；songs　relate　exclusively　to
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reproduction、　or　resource　protection，　while　calls　are　used　in　a　variety　ofcontexts．
However，1　believe　that　duet　songs　are　derived　from　simpler　tUrn－taking　signals
comprised　of　a　few　notes．　I　also　believe　that　simple　tum－taking　occurs　more丘equently
than　is　realized．
　　　　　Ihave　not　discussed　neural　mechanisms　of　tum－taking　because　there　is
insufflcient　information，　especially　fbr　birds　and　mammals．　Although　neuroscienti五c
approaches　to　acoustic　communication　have　been　particularly　fruitfUl　in．　studies　ofbirds，
there　has　been　Ii賃le　concentration　on　duets　and　antiphony，　Even　less　is　known　in
ma㎜als，　for　which　a　neur。scientific　approach　is　more　difficult．
　　　　　To　break　out　ofthe　current　knowledge　stasis，　mammalian　model　systems　for
tum－taking　are　highly　important．　hl　the　fbllowing　sections，　I　showed　that　vocal　behavior
of　a　c。㎜unal－living　subterranean　rodent，　the　naked　mole－rat　is　an　ideal　model　for　the
study　by　behavioral　and　neuroscientific　approaches．　In　experiment　I，Ishowed　that　a
vocalization　of　naked　mole－rats，　soft　chirps　are　emitted　antiphonalIy　and　so　that
classified　as　a　tum－taking　signal．　In　addition，　I　showed　the　characteristic　ofturn－taklng
relates　to　social　relationship　of　this　species．　hl　experiment　2，　I　presented　evidence　that
fUrther　supports　the　result　of　previous　experiment　by　playing　back　sound　during　vocal
communication，　and　showed　the加m－t舳g　of　naked　mole－rats　could　be　extended
among　more　than　three　individual　s．　hl　experimental　3　and　4，　I　investigated　neural
substrates　fbr　turn－taking．　Krst，　I　tried　discovering　brain　auditory　pathway　which、　is
required　to　process　so負chirps．　Second，　I　examined　responsible　brain　areas　fbr
turn－taking　by　lesion　study，　specifically，　responsible　area　fbr　social　relationship
recognlt墨o且．
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τables
Table　1．Evolutionary　processes　in　insect　duetting　For　each　sex，　I　estimated　costs
involved　in　signal　production　and　predicted　selection　pressure　fbr　each　of　the　stages．
Reconstructed　from　Bailey（2003）with　some　modifications　and　extensions．
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Figure　legends
Figure　1　．　A　classification　of　tum－taking・Lines　at　the　top　of　each　box　show　schematic
structures　of　the　tum－taking　behavioL　Le負：“chorus”：only　males　emit　signals，　and
females　take　a　searching　role．　Middle：“duet”：both　sexes　emit　signa互s，　and　show
searching　behavior　when　two　signals　occur　within　a　defined　time　window．　Right：
‘‘≠獅狽奄垂?盾祉W：signals　are　exchanged　alnong　group　members，　assisting　in　group　cohesion
and　diverting　outs　iders．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・
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Experiment　1
Antiphonal　voca量iZation　of　a　subterranean　rodent，　the　naked
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　mole－r3t
Abstract
Acoustic　signaling　is　one　ofthe　most　common　communication　mediums　in　a　broad
range　of　social　animals，　and　it　often　encodes　attributes　of　the　signaler　such　as　sex，　ldn
relatedness　and　dominance　rank．　Particularly，　antiphonal　vocalization　has　been　regarded
to　have　an　important　fUnction　in　animals　living　in　an　environment　where　visual　cues　are
unreliable．　Antiphony　enables　to　acknowledge　one’s　signal　was　rece量ved　with　certainty．
Ishow　the　first　evidence　ofsuch　acoustic　signals　among　rodents：the　naked　mole－rat
The　society　of　this　eusocial　subterranean　species　is　organized　hierarchicalIy　according
to　body　size．　Naked　mole－rats　are　fUnctionally　blind，　and　highly　rely　on　acoustic
communication．1　focused　on　one　of　their　vocalizations：the　soft　chirp（SC）．　SCs　are　the
most　frequent　sounds，　and　are　ofしen　emitted　upon　physical　contact．　I　expected　the　SC　to
have　an　antiphonal　nature，　and　if　so，　SC　rnay　fUnction　to　distinguish　colony　members
倉om　intruders，　and／or　identifンsociahank　and　individuality．　iTb　examine　my　predictions，
Iplaced　pairs　of　individuals　of　dif壬brent　size　together，　and　recorded　their　vocal　behavior・
The　intervals　betWeen　the　S　Cs　oftWo　individuals　were　shorter　than　expected　intervals
which　were　based　on　the　assumption　that　animals　vocalized　without　refヒrence　of　the
25
preceding　SC・The　acoustic　properties　of　SCs　varied　among　individuals　according　to
body　weight　a　nd　colony　of　origin・　The　emission　rate　was　positively　related　to　the
relative　diffbrence　in　b　ody　weight．　Therefbre，　S　Cs　have　antiphonal　natUre　and　may
fUnction　as　1　expected．　These　characteristics　of　SC　were　highly　similar　to　those　of
antiphonal　sounds　in　other　social　species・
N
、
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lntroduction
hl　many　social　species，　acoustic　signals　have　communicative　significance　in
conjunction　with　other　sensory　mediums，　and　they　often　encode　attributes　of　the
signaler　such　as　sex，　kin　relatedness　and　dominance　rank（Miller　et　al．2001；Becker　et
al．2003）．　A　sender　of　an　acoustic　signal　may　acknowledge　the　receipt　of　his／her　signal
when　he／she　was　able　to　visually　observe　recipient’s　behavior．　However，　if　the　sound　is
the　only　medium　available，　e．9．　in　dense　vegetation，　how　does　the　sender　asceltain　that
his／her　signal　was　received？In　such　situations，　antiphonal　vocalization　allows　the
acknowledgement　ofreception，　and　allows　selective　contact　with　speci丘c　individuals
（Schleidt　1973）．　The　communication　is　considered　antiphonal　when　at　least　two　animals
tra　nsmit　sounds　in　response　to　preceding　signals．　Antiphonal　signals　occur　in　many
different　aviaxi　and　mammalian　taxa，　including　some　primates　and　bats，　in　which
long－temi　associations　occur　among　conspecifics（Y（）shida＆Okanoya　2005）．
　　　　　Because　und　erground　habitat　is　an　environment　where　visual　cues　are　unreliable，
it　is　highly　like正y　that　social　subterranean　species　use　antiphonal　vocalizations．　However，
no　such　reports　have　been　published．　One　candidate　that　may　show　such　behavior　is　the
naked　mole－rat（Heteroeephalus　glabeiう．　Naked　mole－rats　are　subterraneamodents　that
live　in　arid　regions　in　East　A丘ica，　such　as　Kenya，　E廿1iopia，　and　Somalia．　They　live　in
colonies　that　range　in　size　of　up　to　300㎞．dividuals　and　typically　contai且around　80
individuals（Brett　1991）．　Naked　mole－rats　exhibit　classical　characteristics　ofeusociality
（Jarvis　l　981）．　Usually，　only　one　female（the“queen”）and　one　to　three　males（‘‘alpha
males”）in　a　colony　are　sexually　active，　and　the　remaining　colony　members　help　the
queen　and　alpha　males　to　breed．　In　addition　to　this　division　of　labor，　evidence　indicates
alinear　social　hierarchy　in　a　colony，　which　is　determined　by　passing　behavior　and
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steroid　hormones（Clarke＆Faulkes　I　997，1998）．　According　to　these　studies，
reproductive　individuals　were　among　the　largest　in　size　and　highest　in　social　rank　in　a
colony．
　　　　　Naked　mole－rats　exhibit　complex　vocal　communication，　which　may　be　a　result　of
adaptation　fbr　the　eusocial　system　and　subterranean　habitat・PepPer　et　aL（1991）
reported　that　the　naked　mole－rat　has　at　least　17　different　vocalizations，　which　is　among
the　largest　vocal　repertories　in　rodents．　Little　experimental　study，　however，　has　been
conducted　on　the　mechanisms　and　fUnction　of　these　vecalizations．
　　　　　Arnong　the　vocalizations　ofthe　naked　mole－rat，　the　soft　chirp（SC）is　one　ofthe
most　frequent　vocalizations　in　this　species，　and　may　be　vocalized　antiphonally（Pepper
et　al．1991）．　The　S　C童s　simi童ar　to　a　quiet　birdlike　sound，　anLd　its　acoustic　structure　varies
in　duration，丘equency，　and　the　extent　of　the　upsweep　portion　amo皿g　individuals．
Current　data　show　that　this　subterranean　species　has　relatively　poor　auditory　ability
compared　to　other　terrestrial　rodents（Heffher＆Heffi　Ler　1993；Artwohl　et　a1，2002）．
However，　frequency　range　ofbest　hearing　in　naked　mole－rats（4－6　kHz）roughly
corresponds　to　that　of　SCs（also　4－6　kHz）suggesting　that　these　animals　are　uti夏izing　the
best　part　of　the量r　sensitivity　to　hear　out　SCs．　PepPer　et　aL（1991）described　that　SCs　are
often　emitted　by　several　individuals　concurrently，　mostly　du血9　Physical　contact　with
colony－mates，　Pepper　et　a1．（1991）also　noted　that　sometimes　a　pair　ofindividual
altemate　S　Cs，　but　they　did　not　explicitly　term　this　behavior　as　antiphonal　vocalizations
nor　examined　quantitative1）t　Naked　mole－rats　also　emit　the　SC　when　touched『by　an
investigator（Pepper　et　al．1991）．　Judd　and　Sherman（1996）found　that　a　vocalization
emitted　in　a　different　context，　but　resembling　the　stnlcture　ofthe　SC（referred　as
“recruitment　call’り，　may　be　used　to　identify　group　members．　Except　these　studies，　there
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is　no　report　on　acoustic　communication　in　naked　mole－rats．
　　　　　If　the　SC　is　vocalized　antiphonally，　the　intervals　between　two　successive　SCs
frorn　different　individuals　should　fall　within　a　narrow　range　oftime（Ybshida＆
Okanoya　2005）．　Moreover，　given　that　the　SC　is　antiphonal　in　nature，　I　hypothesized　that
it　may　have　the　following　three　fUnctions．　First，　the　SC　may　identify　colony　members
and　discriminate　intruders（‘‘stranger－detector”hypothesis）．　Antiphonal　vocalizations
with　this　fUnction　are　reported　in　primate　and　bird　species，　e．g．，　cotton－top　tamarins
（Sagztinus　oedip　us；Jordan　et　a1．2004）and　black－capPed　ch重ckadees（Parus　atricalガ〃us；
Nowicki　1983）．　According　to　the　stranger－detector　hypothesis，　acoustic　properties　of　SC
would　be　similar　within　a　colony，　while　they　would　differ　among　colonies．　Second，　the
SC　may　identifンsocial　rank（‘后rank－detector”hypothesis）．　A正though　the　underlying
mechanism　is　un㎞own，　naked　mole－rats　are　able　to　discriminate　the　relative　rank
difference　immediately　when　tWo　individuals　meet　in　a　tUnnel（Clarke＆Faulkes　1997，
1998）．Knowledge　ofthe　social　rank　would　be　especially　important　fbr　the　queen　in
dealing　with　possible　competitors　fbr　reproductive　status．　This　hypothesis　predicts　links
between　the　acoustic　characteristics　or　emission－rate　assymetry　between　the　SC　and　the
body　size　of　two　individuals，　which　is　strongly　correlated　with　social　rank（Clarke＆
Faulkes　1997，1998）．　Such　emission　rate　assymetry　occurs　in　chacma　baboons（Papio
cynocephalus　ursinus），　in　which　the　emission　rate　of　contact　barks　is　negatively
correlated　with　the　dominance　rank（Cheney　et　al．1996）．　FinalIy，　naked　mole－rats　may
use　the　SC　to　identifシgroup　members（“signature－call”hypothesis）．　Much　research
indicates　that　vocalizations　encoding　individual　identity　must　exhibit　a　strong　individual
stereotype，　such　as　low　intra－individual　and　high　inter－individual　variability（Jouventin
et　aL　l　979；Trillmich　1981；Jouventin　I　982；Insley　1992；Robisson．　et　al・1993；
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Mathevon　1996；Lengagne　et　al．1997；Phi1lips＆Stiriling　2000）．
　　　　　To　test　if　the　SC　is　vocalized　antiphonaIly　and　if　the　properties　ofthe　SC
correspond　to　any　of　the　features　predicted　by　these　hypotheses，1　performed　a　detailed
analysis　ofthe　behavior　of　pairs　ofvocalizing　individuals．　I　tested　whether　naked
mole－rats　perform　the　SC　antiphonally，　and　whether　the　acoustic　properties　and
emission　rates　ofthe　SC　vary　with　the　caller’s　body　size　and／or　colony　oforigin．
Methods
Animals
Istudied　captive　naked　mole－rats　maintained　at　the　Laboratory　fbr　Biolinguistics，　Rjken
Brain　Science　lnstitute，　Wako，　Japan．　StUdy　animals　comprised　those　originally　caught
in　the　wild（age　unknown）and　offspring　ofthese　wild　individuals（＞7　months　of　age）．　I
conducted　experiments　using　three　colonies　that　contained　14，18，　and　35　i且dividuals，
respectively．　The　identity　of　queens　and　alpha　males　was　determined　using　behavioral
observations．　Other　individuals　were　sexed　by　inspecting　the　genital　area（Jarvis　1991）．
For　experiments，　I　chose　six　individuals仕01n　each　colony　using　the　fbllowing　criterial
the　queen　and　one　alpha　male　were　included，　and　the　body　weight　of　ind童viduals　varied
within　a　colony　to　represent　the　group　weight　composition（mean土SDニ37．9±12．9　g，
n＝18）．ln　total　of　18　subjects丘orn　the　three　colonies，　six　individuals　ofeach　sex　were
used　in　addition　to　reproductive　individuals．　For　identification，　I　painted　their　backs
using　felt－tip　Pens．
　　　　　The　animals　were　kept　in　an　artificial　burrow　system　composed　ofseveral
rectangular　b。xes，　c。lumnar　boxes，　and　cormecting　tubes　of　various　size　and　length．
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The　artificial　burrow　systems　were　placed　in　a　room　ma三ntained　at　an　ambient
temperatUre　of　30圭2°C　and　a　relative　humidity　of　60±15％．　The　room　was　constantly
illuminated　with　dim　light　bulbs．　The　animals　were　provided　with　sweet　potatoes，
carrots，　apples，　and　supplemental　nutrients　ad　libitum，3－－4　times　a　week．
Recordi皿g　apPara加s　and　procedure
Recordings　of　the　SC　were　made　in　a　wooden　box（45×30×30　cm）1ined　with　acoustic
fbam（thickness：2cm）in　a　sound－attenuating　chamber，　which　was　set　in　the　room　next
to　the　animal　housing．　I　placed　a　condenser　microphone（SONY　ECM－MS957）30　cm
above　the且oor　ofthe　recording　box．　The　microphone　was　co㎜ected　to　a　Windows
compatible　PC　through　a　preamplifier　and　a　sound　card（ONKYO　SE－U77）．　Recording
to　the　hard　disk　was　carried　out　via　Avisoft－SASIab　Pro（Avisoft　Bioacoustics，　Berlin，
Germa　ny）set　at　a　44．1－kHz　sarnpling　rate　and　I　6－bit　resolution，　and止e　recorded　sound
was　stored　as．wav　files．　These　configurations　are　sufficient　for　firequency　range　of　SCs
and　there　is　no　evidence　of　u1廿as。nic　communication　in　naked　mole　rats（Pepper　et　aL
l991；HeiiEher＆Heffber　1993）．
　　　　　hl　a　recording　session，1　chose　a　pair　from　the　six　individuals　f士om　the　same
colony　I　used　this　procedure　because　naked　mole－rats　do　not　usuaUy　emit　vocalizations
spontaneously　without　its　colony－mates．　The　pair　was　brought　to　the　recording　box
separately　in　a　small　polypropylene　cage（17　x　I　3　x　12　cm）．　Then，　I　put　the　pair　of
量ndividuals　into　the　recording　box　and　at　the　same　time　started　recording，　and　left　them
fbr　about　l　5　min．　I　recorded　all　possible　pair　combinations　fbr　each　colony；thus，　every
individual　had　five　recording　sessions　and　in　total　there　are　45　pairs　ofindividuals・
Befbre　and　a丘er　recording，　I　also　recorded　the　SCs　elicited　by　touching　the　body　of
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lndividuals　when　they　were　alone．　I　cleaned　the　record｛ng　box　betWeen　every　recording
sessions　using　EtOH．　The　order　of　recording　sessions　was　counterbalanced　to　eliminate
possible　effects　of　previous　sessions・These　experiments　were　per〔b㎜ed　every　other
day　between　l　OOO　and　1200　h・Idown－sampled　recorded　fi正es　to　22・05　kHz，　high－pass
fi正tered　them　to　remove　ambient　noise，　and　then　generated　sonograms　set　at　a　128－Hz
bandwidth　and　2．7－ms　time　resolution　using　Avisoft－SASLab　Pro　fbr　fUrther　analyses．
Sonogram　analyses
In　tei’－SC　interval　　From　the　sonograms，　I　measured　the　number　and　onset　time　of
SCs　manually．　Because　SC　emission　does　not　involve　associated　body　or　face
movement，　I　could　not　identifンthe　emitter　visual正y．　Thus，1　determined　individual
identity　ffom　the　S　C　sonograms　obtained　by　touching　the　animals’　bodies．　Data　from　44
sessions　were　pooled　fbr　the　analyses．　I　omitted　one　session　in　which　sou．nds　were
highly　simiIar　and　I　couId　not　separate　the　source　individuals．　From　the　temporal
sequences　of　SCs，　I　calculated　the　inter・－SC　intervals　fbr　each　individua1
（within－individual　interval；WH）and　the　all　SC　intervals　oftwo　vocalizing　individuals
（between－individual　interval；BII）．1　included　tWo　or　more　successive　vocalizations　by
the　identical　individuals　in　BII，　so　the　BII　may　be　composed　of　antiphona1　SC＄，
successive　but　not　antiphonal　SCs　by　different　individuals，　and　successive　SCs　by　the
sam、e　individuals．
　　　　　To　test　whether　two　individuals　vocalized　in　reply　to　a　precedinLg　call，1　Simulated
the　situation　in　which　each　individual　emits　sounds　independently（i．e．　without
reference　of　preceding　vocalization）using　bootstrapping　technique，　and　compared　this
simulation　with　the　observed　data．　This　comparison　was　made　between　observed　and
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simulated　BiI　as　fbllows．　First，　I　randomized　the　order　of　observed　WII，　and　then
accumulated　the　values　ofthe　randomised　sequence　of　the　observed　WII丘om　the　first．
The　data　obtained　by　this　manipulation　could　be　regarded　as　onset　times　of　SCs　which
was　emitted　fbllowing　the　probability　distribution　identical　to　the　observed　WII。
Therefbre，　if　I　generate　two　sets　ofthe　randomized　and　accumulated　sequences，　those
sequences　could　be　regarded　as　onset　times　of　SCs　by　two　individuals　which　were
vocalized　at　their　own　pace．　Second，　I　paired　these　two　sequences　and　computed
successive　differences　ofthem．　These　values　were　obtained　by　the　identical　method　as
observed　BII，　except　two　sequences　of　onset　time　were　obtained　by　bootstrapping．　I
defined　these　values　as　simulated　BII．　Third，　I　repeated　manipulations　above　fbr　100
times，　and　calculated　a　relative　frequency　table　for　simulated　BII（bin　width＝0．05　s）．
Then，五nally，　I　perfb㎜ed　a　goo（hess－o団t　test　fbr　the丘equency　table　of　observed　BII
with　the　relative　frequency　table　of　simu．lated　BII　as　a　population　probability．
Emi∬ion　rate　　　I　calculated　the　number　of　SCs　per　unit　time　for　each　individual　and
examined　the　effect　of　differences　in　the　body　weight　ofpaired　individuals．　The
e血ssion　rate　was　calculated　fbr　each　individual　by　dividing　the　total　number　of
vocalizations　by　the　total　amount　oftime　between　the　first　and　last　vocalization．　The
difference　in　body　weigh．t　was　obtained　by　subtracting　an　individuars　body　weight丘om
the　paired　individual’s　b・dy　weight・　Theref・re，　a　negative　value　indicates　that　the
colony－mate　was　smaller，　whereas　a　positive　value　indicates　that　the　colony－mate　was
larger　than　a　given　individual・T・test　whether伽ti。n血the　emirsi・n　rate　can　be
exp正ained　by　differences　in　body　weight，　I　used　linear　mixed－effbct　models，　using　the
“1me”fUnction　in　R　release　2．31（Bates＆Pinheiro　1998；Lindstrom＆Bates　1988；
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Laird＆Ware　l　982）．　Because　no㎜．ality　was　not　ensured　fbr　the　ernlssion　rate，　I　apPlied
asquare．root　transfbrmation．　I　entered“difference　in　body　weigh圭”　as　a　fixed　effect　and
”individuals”as　a　random　intercept．　I　tested　the　model　significance　using工ikeHhood
ratlo　tests．
Aco　ustic、properties　　　Iexamined　whether　an　individuaPs　body　weight，　individuality
and　colony　of　origin　could　be　predicted　by　individual　acoustic　properties　of　the　SC
using　vocalizations　elicited　by　touching　the　body．　I　randomly　chose　50　vocalizations
倉om　each　individua正，　and　measured　five　acoustic　parameters：onset，　peak，　and　offset
frequencies，　and　the　durations　of　onset－to－peak　and　peak－to－offset（Fig」）．1　performed
aprincipal　components　analysis（PCA）fbr　these　values，　and　calculated　the　principal
component（PC）scores．1　then　used　the　PC　scores　as　explanatory　variables　in　general
and　generalized　linear　models　with　body　weight，　in．dividuality　and　co工ony　of　origin　as
response　varfables．　When　body　weight　and　colony　oforigin　were　response　variables，　I
employed　the　mean　PC　scores　for　each　individual　for　the　analyses．　I　used　the‘‘lm”
fUnction　in　R　release　2．31（Chambers　I　992）fbr　the　general　linear　model　and　the
“multinom”釦nction　in　the“nnet”library　fbr　the　muItinomial　log－linear　model
（Venables　et　al．2002）．　When　body　weight　was　entered　as　a　response　variable，　I
employed　PC　scores　and　colony　of　origin　as　explanatory　variables．　When　individuality
was　entered　as　a　response　variable，　I　employed　PC　scores　nested　within　colony　oforigin
as　response　variables．　When　the　coIony　of　origin　was　entered　as　a　response　variable，　I
employed　body　weight　and　PC　scores　as　explanatory　variabIes．　In　the　each　of　these
analyses，　the　best　fitting　model　was　selected　by　sequentially　removing　terms　fヒom　the
fUll　model　based　on　the　Akaike　information　criterion（AIC）．　I　then　examined　the
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significance　of　the　remaining　terms　by　likelihood　ratio　tests・
Results
Inter－SC　interΨals
For　the　total　of　24，739　vocalizations，1　computed　the　observed　within－individual　interval
（WII）and　observed　between－individual　interval（BII）丘equency　distdbutions（Fig．2）．
The　observed　BII　distribution　tended　to　show　tWo　peaks，　with　a　peak　at　short　intervals
of　O．2　to　O．3　s　and　a　peak　at　longer　intervals　of　O．5　to　O．7　s，　whereas　the　observed　WII
distribution　had　two　peaks　at　intervals　ofO5　to　O．7　s　and　O．7　to　O．9　s．　The　simulated　BII
丘equency　distribution　also　had　two　peaks　at　j皿tervals　of　O・5　to　O・7　s　and　O・7　to　O・9　s，
which　were　similar　to　that　of　observed　WII，　but　different　from　that　of　the　observed　BII
（Fig．2）．　I　performed　a　goodness－of－fit　test　for　intervals　shorter　than　3　s　in　which　90％of
values　were　fallen　for　both　distributions，　and　showed　that　the　observed　BII　frequency
distributions　was　not　the　same　as　the　simulated　BII　（）Cl5g＝9728．49，　p〈0．01）．
Emission　rate
I　examined　whether　the　S　C　emission　rate　varied　with　difference　in　body　weight．　Since
the　effect　of　individuality　was　significant（F　17，69＝8．79，　P＜O・01），1　treated　it　as　a
random　intercept．　The　main　effbct　of　diffbrence　in　bpdy　weight　was　significant（F　l，69＝
51．00，Pく0．01；Fig．3）．　lndividuals　vocalized　more　often　when　paired　with　a　heavier
individual　than　when　paired　with　a　lighter　individual（coefflcien・t土SD＝O・0058士
0、00082）．
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Acoustic　properties
As　the　result　of　the　PCA，　the　first　three　PCs　explained＞88％ofthe　variance，　so　I　used
on董y　these　three　PCs　in且ユrther　analyses（tab豆e　1）・The　loadings　ofthe　first，　second，　and
third　PCs　accounted　fbr　the　overall黛equencies，　the　onset　f士equency，　and　the　offset
仕equency，　respectively，　ofthe　SC（see　Fig．1）．　When　I　entered　body　weight　as　a
resp・nse・variable，　the・first　and　third　PCs　remained　in　the　final　m・del（adjusted　P－　O．43，
F2，15＝7．30，　P＝0・01）・The　regression　coefficients圭SE　were　4・74±2・31fbr　PC　1（F1，15’＝
5．34，P＝0．04）and－9．66±3．49　fbr　PC3（F　I，　！5＝7・67，　P＝0・01）・Therefbre，　SCs　with
higher　PCI　scores　predict　higher　body　weight，　whereas　those　with　higher　PC3　scores
predict　Iower　body　weight（Fig．4）．　When　1　entered　individuality　as　a　response　variable，
the　al互PCs　remained　in　the　best　mode1（PC1：冗2i7＝119L66，　p〈0．01，PC2：X217＝＝　397．08，
p〈0．Ol；PC3：）（217冨578．86，　pく0．OI）．　The　best　mode1　was　able　to　predict　the　attribution
ofnewly　sampled　SCs（n＝50　fbr　each　individua1）from　the　same　population　with
accuracy　of　O．67（Fishers　exact　test：p＜0．01）．　Therefbre，　the　individua正ity　was
predictable　f士om　the　acoustic　properties　of　SC．　Finally，　when　I　entered　colony　oforigin
as　a　resp・nse価able，　all　PCs　were　remained　in　the丘nal　m・de1（PCI：　X22－9．83，P－
0．01；PC2：X22＝21．00，　p＜0．01；PC3：X22＝11．49，　p〈0．01）、　The　best　model　was　able　to
predict　the　attribution　of　newly　sampled　SCs（n・＝　50　for　each　individual）from　the　same
population　with　accuracy　of　O．67（Fishers　exact　test：pく0．01）．Thus，　the　acoustic
properties　of　the　SC　could　predict　the　colo且y　of　origin・
Discussion
I　investigated　whether　the　naked　mole－rat　vocalizes　soft　chirps（SC）antiphonally，　and　if
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so，　whether　the　acoustic　properties　and　emission　rates　display　character三stics　predicted
by　the　stranger－detector，　rank－detector，　and　signature－call　hypotheses・
　　　　　Iobserved　two　peaks　in　the　observed　betWeen－individual　interval（BII）fヒequency
distribution　and　observed　within－i皿dividual　interval（WII）distribution．　However，　those
two　distributions　did　not　overlap；the　peak　at　long　intervals　in　the　observed　BII
distribution　matched　up　to　the　peak　at　short　intervals　in　the　observed　WII　distribution・
Similar　observations　were　also　found　in　squirrel　monkeys（Masataka＆Biben　1987）．
They　observed　the　intervals　between　chuck　calls　made　by　two　individual　Inonkeys　and
showed　that　the　peak　at　short　intervals　in　BII　distribution　reflects　successive　emissions
by　two　different　individuals，　whereas　the　peak　at　long　intervals　refiects　successive
emissions　by　one　animal．　I　fbund　that　the　two　peaks　in　the　observed　BII丘equency
distribution　disappeared　in　the　simulated　BII　distribution　This　indicates　that　the
bi－modal　BII　distribution　f士om　tWo　vocalizing　individuals　was　not　produced　through　a
passive　process，　but　rather，　through　interactive　vocal　behavior．　The　vocalization　of　an
individual　elicited　an　utterance　from　another．　My　results　provide　the　first　quantitative
evidence　of　antiphonal　vocalization　in　rodents．　This　antiphonal　natUre　of　SC　m4y　serve
as　a　substrate　which　is　essential　fbr　the　possible　fUnctions　I　discussed　below．
　　　　　The　emission　rate　differed　depending　on　the　relative　difference　in　body　weight．
An　individual　vocalized　more丘equently　when　it　was　paired　with　a　larger　group
member　than　when　paired　with　a　smaller　one．　Because　a　strop．　g　correlation　has　been　－
f・und・betWeen・b。dy　weight　and　so．cial　hierarchy（Clarke＆Faulkes　1997；　　－
Clutton－Brock　et　aL　2004），　the　SC　emission　rate　may　be　related　to　relative　social　rank，
Naked　mole．rats　control　their　emission　rate　depending　on　their　social　relationships　with
other　group　mernbers．
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　37
　　　　　The　acoustic　properties　of　the　SC　explained　variance　in　body　we重ght，
individuality　and　colony　of　origin．　Heavier　individuals　vocalized　SCs　with　high　PC　l
scores　and　low　PC3　scores，　indicating　that　these　SCs　were　lower　in　the　overall
frequencies　and　higher　in　the　onset　frequency（TabIe　1）・These　results　are　consistent
with　the　predictions　ofthe　stranger－detector，　rank－detector，　and　signature－call
hypotheses．　Another　evidence　exists　that　naked　rnole－rats　can　discriminate　familiarity
and　kin　related皿ess　by　odor（O’Riain＆Jarvis　1997；Clarke＆Faull（es　1999）・Judd　and
Sherman（1996）a正so　showed　that　an　individual　that　was　successfU1　in　foraging　emitted
sounds　resembling　SCs　upon　retum　to　the　nest，　and　other　individuals　traced　the　odor　of
the　emitter　to　reach　the　fbod　resource．　Thus，　SCs　may　fUnction　in　recognising　colony
members　in　conjunction　with　odor　cues．
　　　　　My　findings　suggest　that　naked　mole－rats　recognize　the　social　status　ofgroup
members　in　some　way，　and　may　be　able　to　identifシgroup　members　by　a　bout　of
vocalization．　The　antiphonal　natUre　of　the　SC　would　encourage　the　acknowledgement　of
mutual　signal　reception，　as　in　other　species（Schleidt　I　973）．　In　addition，　individuaI
differences　in　acoustic　properties　would　help　to　deterrnine　the　caller’s　identity．　Detailed
stUdies　of　such　antiphonal　vocalization　fUnctions　have　been　performed　in　primates
（Snowdon　2001）．　For　example，　in　cotton－top　tamarins，　antiphonal　long－calls　fUnction　to
maintain　group　cohesion，　group　spacing，　territory　defence，　and　mate　attraction；auraI
discrimination　occurs　among　participating　individuals（Miller　et　aL　2001）．　in　Garnett’s
bushbaby（α・lemur　garnettii）・m・ther・and・infant・exchange　v・calizati・ns　whenvisual
contact　is　lost（Becker　et　al．2003）．　The　emission　rate　per　se　would　be　oflittle　use　in
individual　or　rank　identification　in　many　situations　because　time　is　required　to
determine　the　emission　rate　ofeach　individual（e．g．，　wh．en　they　brush　against　each　other
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in　a　tUnnel）．　Therefbre，　the　relationship　between　emission　rate．　and　social　rank　rnay　be
indirect；rather，　it　may　serve　other　purposes　when　individuals　maintain　contact　with
colony－mates　fbr　relatively　long　periods　as　in　my　experimental　setting　The　most
plausible　fUnction　is　afiiriliation・Antiphonal　vocal　behavior　related　to　social　dominance
and　affiliation　occurs　in　African　elephants（Soltis　et　al．2005），　in　which　fbmales　produce
‘‘窒浮高b撃?hvoca正izations　among　affiIiated　individuals　and　when　approached　by　dominant
ones．　Similar　behavior　occurs　in　primates（Mitani＆Nishida　1993；Soltis　et　al2002）．
　　　　　On　the　contrary　to　the　conventional　view　that　the　naked　mole－rat　has　relatively
poor　auditory　ability　compared　to　other　terrestrial　rodents（Heffher＆Hefftier　1993；
A翻ohl　et　al，2002），　I　showed　that　the　naked　mole－rat　may　rely　on　auditory　information
within　the　colony　to　coordinate　socia正hierarchy．　Further　study　will　reveal　the　elaborate
acoustic　communication　system　in　this　eusocial　society．
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Tables
Table　1．Loadings　for　principal　components　arialysis
Acoustlc　parameterPC　1 PC2 PC3 PC4 PC5
Frequency
Duration
Onset
Peak
Offset
Onset－peak
Peak－offset
Cum．　rOP．
一〇．57
－0．71
－0．63
－O．19
－0．04
0．38
0．79
－0．06
0．11
－0．43
－0．18
0．64
一〇．47
－0．13
0．55
0．12
－O．37
0．88
00ハUOハU　P　　
一
69
ロ
0
0．84
－O．53
－O、22
0．35
－0．06
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Figure　legends
FigUre　1・　Five　measured　acoustic　parameters．　OnF：onset　f重equency；PkF：peak
倉equenLcy；OfF：offset　ffequency；Dr1：duration　of　onset－to－peak；Dr2：duration　of
peak－to－offs　et・
Figure　2・Frequency　distributions　fbr　observed　inter－individual　interval（BII），　simulated
BII，　and　observed　intra－individual　interval（WII）between　O　and　3　s．　Note　that　each
仕equency　distribution　has　two　prominent　peaks，　but　only　observed　BII　distribution　was
shifted　to　the　lef亡ward（i．e．　more　short　i血tervals　than　the　other　two　ffequency
distributions）．　Solid　line：observed　BII；dotted　1ine：simulated　BII；broken　line：WII；Bin
widthl　O．05　s．
Figure　3．　Emission　rate　versus　difference　in　body　weight　betWeen　tWo　individuals．　Open
circles　are　emission　rates　of　18　individuals　each　of　whieh　was　paired　with　5　different
colony－mates．　Emission　rates　increased　as　relative　body　weight　difference　became　large．
Figure　4．　Body　weight　versus　principal　components（PC）scores・Filled　circles　are　mean
PC　scores　and　body　weight　ofeach　of　18　individuals，　The　regression　plane　obtained　by
the　general　liner　model　is　also　indicated．
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Experiment　2
‘‘uOCal　grOOming，，　in　a　eUSOCial　SUbterranean　rOdent，　the
　　　　　　　　　　　　　　　　　　　　　　　naked　mole－rat
Abstract
～「ocal　grooming　is　a　form　of　social　grooming　that　occurs　via　sound．～bcal　grooming　is
less　time－consuming　than“physicaP’grooming　because　it　allows　interaction　among
more　than　three　individuals．　I　report　evidence　ofvocal　grooming　in　a　subterranean
eusocial　rodent，　the　naked　mole－rat．　This　smaU　rodent　species　has　a　complex
hierarchical　society　with　division　of　labor　that　is　comparable　to　bee　and　ant　societies．
Naked　mole－rats　are　known　for　their　vocal　repertory　ofmore　th…m　17sounds，　which
might　have　evolved　as　an　altemative　to　visual　cues　and　contributes　to　society
maintenance．　Their　most　frequent　vocal量zation，　the　soft　chirr）（SC），　has　an　antiphonaI
natUre　and　might　fUnction　for　rank　identification　and　affTiliation．　Previous　research
showed　that　the　relative　body　weight　difference，　which　directly　relates　to　social　rank，　is
positively　correlated　with　SC　emission　rates．　The　SC　is　elicited　either　by　another
individuaPs　SCs　or　by　physical　touch．　I　examined　whether　SCs　alone　are　able　to　elicit　i
responses　by　presenting　artificial　SC－like　sounds　with　various　acoustic　properties；Ialso
examined．　whether　a　stimulus　is　able　to　elicit　more　than　two　responses．　I　fbund　that
Individuals　were　able　to　discriminate　the　acoustic　properties　of　stimuli　and　responded
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more　frequently　to　stimuli　resembling　large　individuals　than　stimuli　resβmbling　small
individuals．　Moreover，　a　single　stimulus　was　responsible　fbr　eliciting　SCs　by　pairs　of
individuals．　Thus，　antiphonal　use　ofSCs　can　occur　among　more　than　three　individuals．
These　featUres　of　SCs　resemble　social　9rooming　behavior　in　other　taxa．
50
lntroduction
In　many　social　species，　reciprocal　aIlogrooming　behavior　enhances　sociaI　bonding　and
eases　conflicts　among　individuals（e．g．，　Sparks　1967；Clutton－Brock　et　al．1976）．
Dunbar（1997，2003）showed　that　time　spent　ill　such　grooming　behavior　increases　with
increasing　group　size　because　only　one　groomee　per　groomer　is　usually　allowed　at　a
given　time．　Moreover，　it　seems　that　time　utilized　fbr　physical　grooming　may　restrict
group　size　within　a　species（Dunbar　1997，2003）．　An　altemative　soIution　is　employing
acoustic　signals，　which　has　been　reported　in　gelada　baboons（Dunbar　2003）and　temied
‘‘魔盾モ≠戟@grooming”（Dunbar　1997，2003）．　Vbcal　grooming　allows　contact　with　group
members　from　a　distance　and　allows　contact　with　several　individuals　at　the　same　time
（Dunbar　1997，2003）．
　　　　　Antiphonal　vocalizations　are　a　form　of　acoustic　c。㎜unication　that　potentially
釦nctions　as　vocal　grooming．　When　more　than　two　animals　transmit　sounds　in　response
to　preceding　signals　in　predetermined　time　intervals，　the　communication　is　cons重dered
antiphon臼1．　Antiphonal　vocalizations　often　occur　in　ma　ny　different　bird　and　mammal
species，　including　some　primates，　bats，　and　a　rodent　in　which　Iong－term　associations
exlst　among　conspecifics（Ybshida＆Okanoya　2005）．　Antiphony　enables
acknowledgment　of　signal　reception　with　certainty　and　allows　selective　contact　with
speci且c　individuals（Schleidt　1973）in　enviro㎜ents　in　which　visual　cues　are瞭eliable．
Antiphonal　vocalizations　relate　to　social　dominance　and　affTiliation　in　species　including
A丘ican　elephants（Loxodonta　afrたana；Soltis　et　al．2005），　squirrel　monkeys（Saimかi
sciu’－eus；Soltis　et　al．2002）and　chacma　baboons（．Papio　cynocephalus　ursinus；Barrett
et　al．1999）．
　　　　　The　naked］mole－rat（Heterocephalus　glabeiうis　a　subterranean　rodent　species　that
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also　utilizes　antiphonal　vocalizations（Ybsida　et　al．2007）．　Mole－rats　Iive　in　arid　reglons
ofEast　Affica　such　as　Kenya，　Ethiopia，　and　Somalia；they　establish　colonies　that　range
in　size　up　to　about　300　individuals　and　typicalIy　contain　around　80　individuals（Brett
1991）・Naked　mole－rats　exhibit　classical　characteristics　of　eusociality　in　which　only　one
female（the‘‘queen”）and　one　to　three　males（‘‘alpha　males”）in　a　colony　are　sexuaUy
active；the　remaining　colony　members　serve　the　colony（Jarvis　1981）．　In　addition　to　the
division　of　labor，　evidence　exists　of　a　Iinear　social　hierarchy　within　a　colony　that　is
strongly　co皿elated　with　body　weight（Clarke＆Faulkes　1997，1998）．
　　　　　Naked　mole－rats　possess　complex　vocal　communication，　which　may　be　an
adaptation　to　their　eusocial　social　system　and　subterranean　habitat．　Pepper　et　al．（1991）
reported　that　naked　mole－rats　have　at　Ieast　17　different　vocalizations，　among　which　one
of　the　most　frequently　used　is　the　soft　chirp（SC；Pepper　et　al．1991）．　A　SC　is　simi重ar　to
aquiet　birdlike　sound，　but　the　SC　structUre　vaエies　in　duration，　frequency　range，　and　the
extent　ofthe　upsweep　portion．　Previously，　Yosida　et　al．（2007）showed　that　SCs　are
vocalized　a皿tiphonally　and　that　their　acoustic　properties　vary　among　individuals
according　to　body　weight，　which　is　highly　correlated　with　social　rank．　This　fact　suggests
that　SCs　could　identifシsocial　rank　and　individuality　of　colony　mates．　Moreover，　the　SC
emission　rate　varies　with　the　relative　body　weight　difference　of　animals；individuals
vocalize　more　f士equently　as　their　companions　become　relatively　larger．　This　evidence
gives　rise　to　the　possibility　that　SCs　might　have　affiliative　aiid／or　reconciliatory
purposes，　i．e．，．vocal　grooming．
　　　　　The　previous　findings　related　to　SC　emission　rate　were　reached　by　observing　the
behavior　ofpairs　of　individuals（Ybsida　et　al．2007）．　Therefbre，　it　was　impossible　to
conclude　whether　animals　changed　their　emission　rate　solely　based　on　the　acoustic
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propenies　of　their　colony　mates　or　other　cues　such　as　odor　and　tactile　information．　In
this　study，　I　conducted　playback　experiments　employing　synthesized　SC－1ike　sounds　as
stirnuli．　If　SCs　fUnction　as　Yosida　et　al．（2007）suggested，　naked　mole－rats　should
discriminate　a　stimulus’acoustic　properties　and　selectively　respond　to　some　ofthem。　h
addition，　I　examined　whether　a　stimulus　is　responsible　fbr　vocalizations　of　pairs　of
加dividuals，　which　is　a　major　characteristic　of　vocal　grooming，
Methods
Animals
Istudied　animals　maintained　at　the　Laboratory　fbr　Biolinguistics，　Riken　Brain　Science
Institute，　Wako，∫apan．　StUdy　animals　comprised　those　originally　caught　in　the　wild（age
unknown）and　offspring　of　these　wild　individuals（＞7　months　ofage）．　From　each　of
three　colonies（18，14　and　35　animals，　respectively），　I　chose　six　individuals　u．sing　the
fbUowing　criteria：the　queen　and　the　alpha　male　were　included，　and　body　weight　varied
within　a　colony　so　as　to　represent　the　group　com［position（mean±SDニ37．9±12、9　g，　n
＝18）．Six　individuals　of　each　sex　were　used　in　addition　to　the　reproductive　individuals．
Seiected　animals　were　marked　on　their　back　with　a　felt　pen　for　identification，
　　　　　1　maintained　animals　in　an　artificiai　burrow　system　that　was　co　nposed　of　acrylic
boxes　and　connecting　tUbes　varying　in　size－and　length．　Wood　shavings　were　supPlied　as
bedding．　The　temperatUre　and　humidity　of　the　room　were　maintained　at　30±2°C　and　60
±15％，respectively．　The　room　was　dimly　illuminated　for　24　h．　The　bedding　was
changed　and　animals　were　fed　vegetables　and　supplemental　nutrients　every　other　day．
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Appara加s
Recordings　were　made　in　a　wooden　box（45　x　30　x　30　cm）lined　with　acoustic　forms
（thic㎞ess：2cm）in　a　sound－attenuating　chamber．　1　placed　a　condenser　microphone
（ECM－MS957；Sony，　Tokyo，　Japan）30　cm　above　the　floor　ofthe　recording　box．　The
microphone　was　connected　to　a　Windows－compatible　personal　computer　through　a
preamplifier　and　a　sound　card（SE－U77；Onkyo，　O　saka，　Japan）．　Recording　to　the　hard
disk　was　carried　out　via　Avisoft－SASIab　Pro（AvisofモBioacoustics，　Berlin，　Gemmany）set
at　a　44．1－kHz　sampling　rate　and　16－bit　resolution；the　recorded　sound　was　stored　as
a．wav　file．
　　　　　1　presented　acoustic　stimuli　f士om　a　loud　speaker（SC－A75；Aiwa，　Osaka，　Japan）
placed　beside　the　recording　box　through　a　small　window　made　in　the　box．　The　winLdow
was　covered　with　wire　mesh　to　prevent　animals　from　escaping．
Experimental　procedure
I　picked　a　pair　of　individuals　f士om　a　colony　and　recorded　their　interaction　for　about　800
s．Irecorded　all　possible　combinations　oftwo　individuals丘om　each　colony，　so　that　each
individual　experienced　five　sessions．　During　the　interaction，　I　presented　acoustic　stimuli
（see　below）．　The　recorded　sounds　were　the　antiphonal　SCs　oftwo　individuals　and
possibly　responses　to　the　presented　stimuli．　Befbre　a皿d　after　recording，　I　recorded　the
SCs　elicited　by　touching　the　body　of　individuals　when　they　were　alone．　These
experiments　were　performed　every　other　day（no　maintenance　work　o曲ese　days）
between　1000　and　1200　h．
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Stim皿li
Isynthesized　30　SC－like－sounds　varying　in　acoustic　properties、　From　previously
recorded　sounds　ffom　another　18　individuals，1　obtained　the　mean　and　standard
deviation　offive　parameters（onset，　peak，　and　offset　frequencies，　and　duration　of
onset－to－peak　and　peak－to－offset；see　Table　1）．　Then，　I　defined　a　mean　or　representative
SC．1ike　stimulus　from　the　mean　value　ofthe　five　parameters．　For　other　stimuli，　I
changed　the　onset　and　peak丘equencies　and　onset－to－peak　duration　either』by　1，2，0r　4
standard　deviations　f士om　the　mean．1　did　not　employ　all　possible　combinations　of　the
mean　and　deviation　for　all　parameters　but　used　only　parameters　that　vary　with　body
weight　and　may　be　related　to　individual／social　rank（unpublished　data）．　The丘equency
and　duration　of　synthesized　SCs　were　about　2．6－5．2　kHz　and　O．100．28　s，　respectively，
and　the　fbequency　range　was　well　within　the　tUning　curve　ofnaked　mole－rats（Heffher＆
Hefiher　1993）．
　　　　　Ipresented　each　stimulus　20　times　per　session　in　a　random　order，　yie正ding　600
stimuli　in　one　session．　1　also　randomized　the　presentation　interval　so　that　it　followed　a
logriorrna1　distribution　ofmean　±　SD　＝　O．113圭0．470　s．　Based　on　preliminary　stUdies，　I
found　that　this　distribution　sutlficiently　approximated　the　inter－SC　interval　ofnaked
mole－rats．　S　ound　amplitude　was　50－60　dB　at　the　center　ofthe　experimental　apparatUs．
Sonogram　analyses
Idown－sampled　recorded　files　to　22．05　kHz，　high－pass　filtered　them　to　remove　ambient
noise，　and　then　generated　sonograms　set　at　a　l　28－Hz　bandwidth　and　2．7－ms　time
resolution　using　AvisofトSASLab　Pro．　From　the　sonogr㎜，　I　measured　the　number　and
onset　tilne　of　SCs　manually．　Because　SC　emission　does　not　involve　body　movement，1
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could　not　identlfy　the　emitter　visually．　Thus，1　determined　individual　identlty　from　the
SC　sonograms　obtained　by　touching　their　bodies・For　each　sound　file　recorded　during
the　playback　experiments，　I　measured　the　number　ofvocalizat量ons　and　their　onset　time
fbr　each・individual・1　defined　the　first　vocalization　after　a　stimulus　as　a　response（Fig．
1）．
Statistics
Estimation　ofstimulusゐoめノweight　　Iexamined　whether　naked　mole－rats
selectively　responded　to　stimuli，　and　if　so，　whether　the　selectivity　was　reIated　to　the
stimulus’acoustic　properties，　particularly　those　relati且g　to　body　weight．　The　effect　of
stimuIus　properties　was　examined　by　using　principal　components（PCs）that　were
related　to　the　body　weight　of　an　emi廿er　First，1　performed　a　principal　components
a皿a1ysis（PCA）fbr　SCs　elicited　lby　touching　an　individuaPs　body　and　obtained　PC
scores　fbr　each　individuaL　I　measured　five　acoustic　parameters　of　SCs　that　were
identical　to　those　used　to　generate　stimuli（Table　1）．　Then，1　averaged　those　values　fer
each　individual　and　used　PCA．　Second，　I　created　a　generalized　linear　mixed　model
（GLMM）using　the“lme”fUnction　in　R　release　2．41（Pinheiro　et　a正．2006）usi皿g　body
weight　as　the　response　variable　and　PC　scores　as　exp正anatory　variables．1　treated　colony
oforigin　as　a　random　intercept．　To　ensure　normality　ofdata，　I　apPlied　a　log
tra皿sformation　to　body　weig．　ht．1　obtained　the　best　fit　model　by　sequentially　red｛ucing
terms丘om　the　fUll　mode1　based　on　the　Akaike　inforrnation　criterion（AIC）．　Fof　fUrther
analyses，　I　employed　only　the　PCs　in　the　best　mode1．　Third，　to　rescale　stimuli　along　with
the　selected　PCs，　I　measured　the　stimuli　as　well　as　the　elicited　SC　and　multiplied　them
by　the　eigenvectors．　Through　these　manipulations，　I　obtained　stimulus　PC　scores　that
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were　relevant　to　SC　acoustic　characteristics．　Finally，1　estimated　the　body　weight　of
each　stimulus（on　a　log　scale）by　substituting　th．e　stimulus’　PC　scores　into　the　mode1　for
body　weight　and　individual　SC．
ハJumゐe，・｛）fresponses　　　Iexamined　whether　variance　in　the　number　ofresponses　was
explained　by　body　weight　difference　and　the　estimated　body　weight　of　stimuli．　I　created
aGLMM　using　the“lmer”fUnction　in　R　release　2．41（Bates＆Sarkar　2006）．　I
employed　the　Poisson　family　with　a　log－link　fUnction．　Body　weight　diffbrellce，　the
estimated　body　weight　of　a　stimulus　and　their　interaction　were　fixed　effects，　and　each
pair　of　animals　was　a　random　intercept．　Body　weight　difference　was　calculated　by
subtracting　the　individual’s　body　weight　fヒom　the　colony　mate’s　body　weight．　Each　pair
of　individuals　was　entered　as　a　random　ef｛’ect　because　their　total　number　of
vocalizations　during　the　experiment　was　different．　When　the　total　numb　er　of
vocalizations　of　an　individual　with　a　colony　mate　was　more　than　other　individuals　or
more　than　the　same　individual　with　other　colony　mates，　the　number　of　SCs　considered
responses　could　be　more　than　other　individuals　by　chance　alone，　even　if　the　tnle　number
ofresponses　were　the　same．　The　best　f1tting　model　was　obtained　by　sequentially
reducing　n。nsignificant　terms　based　on　the　AIC．　S　ignificance　ofterms　was　evaluated　by
likelihood　ratio　tests．
Exam加ation（ゾth　e　se～cond　SC　　　　　In　the　analyses　described　above，　I　defined　the
response　as　the　first　vocalization　emitted　by　an　individual　after　a　stimulus．　I　examined
whether　the　second　vocalization，　emitted　by　the　other　individual，　after　the　same
　ひstlmulus　was　emitted　in　response　to　the　stimulus　or　the　preceding　vocalization（the　first
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response）．　If　the　former　is　the　case，　I　expected　that　SRI　：SR2　and，　thus，　SR2－SR1　：O，
where　SRl　and　SR2　are　the　intervals　between　the　stimuli　and　the　first　or　second　sound
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，
respectively．　However，　ifthe　latter　case　occurs，　1　expected　that　SRI：SR2－SR1，and
thus　2　x　SR1：　SR2．　The　rationale　ofmy　prediction　is　as　follows．　If　the　second
vocalization　is　a　response　to　the　stimulus，　the　interval　between　the　stimulus　and　the
second　vocalization　should　be　almost　identical　to　that　between　the　stimulus　and　the　first
vocalization．　Thus，　the　interval　between　the　first　and　second　vocalization　should　be
close　to　zero．　Alternatively，　if　the　second　vocalization　is　a　response　to　the　preceding
vocalization，　the　interval　between　the　stimulus　and　the　second　vocalization　should　be
twice　longer　than　that　between　the　stimulus　and　the　first　vocalization．　To　test　my
prediction，1　pooled　al1　the　data　and　then　computed　histograms　of　SRI，　SR2，　and　SR2－
SR1．Then，　I　perfbrrned　a　goodness－of－fit　test　for　the　interval　distributions　of　SR2－SRl
and　SR1，assuming　that　the　latter　is　the　population　probability　of　the　second
vocalizations　being　a　response　to　the　stimulus．
　　　　　Ia正so　examined　the　altemative　possibility　that　the　distribution　of　SR2－SRl　was
produced　through　independent　vocal　activity　ofthe　pair　of量ndividuals．　The　population
probability　of　independent　vocalizations　was　obtained　fbllowing　the　method　described
in　Ybsida　et　al．（2007）．1　performed　a　goodness－of－fit　test　for　the　distribution　of　SR2　－
SRl　and　that　of　independent　vocalizations，　assuming　that　the　latter　was　the　populatio互1
probability．
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Results
Estimation　of　stimulus　body　weigllt
To　evaluate　stimuli　using　the　same　measures　as　fbr　SCs，　I　apPlied　a　PCA　to　the　acoustic
properties　of　SCs　and　then　extractcd　the　components　that　varied　with　body　weight．　In
Table　2，　I　show　the　PC　loadings　calculated　f卜om　the　elicited　SCs．　Following　model
selection　with　body　weight　as　the　response　variable，　PC1，PC3，　and　PC4　were　retained
in　the　best　mode1（Table　3）．　Overall，　the　effect　of　the　explanatory　variables　was
significant（κ23＝12．61，p＝0．01）．　The　regression　coeff7icients土SE　f（）r　PC　1，PC3，　and
PC4　were　O．07±0．04，－0．21±0．07，　and－0．18±0．13，respectively．　Thus，　estimated
body　weight　increased　as　PC　l　increased，　and　PC3　and　PC4　decreased．　Based　on　this
resuIt，1　multiplied　each　stimulus’　acoustic　properties　by　the　eigenvectors　of　these　PCs．
Then，　I　applied　the　fUnction　above　to　the　products（i．e．，　PC　scores　ofstimuli）and　finally
calculated　the　estimated（10g－transformed）body　weight　of　each　stimulus．　The　estimated
body　weights　were　20．O　to　169．3　g（mean±SD＝39．5±29．7）；all　ofthese　were
reasonable　naked　mole－rat　body　weights，　except　fbr　169．3　g．　Thus，　I　excluded　the
maximal　value　and　employed　the　reエnaining　29　stimuli　fbr　fUrther　analyses．
Number　of　responses
I　examined　whether　body　weight　difference　and　the　estimated　body　weight　of　the
stimulus　affected　the　number　of　responses．　Following　model　selection，　the　remaining
term　in　the　best　model　was　the　estimated　body　weight　of　the　stimulus（Table　4）．　The
effect　of　stimulus　body　weight　was　significant（X21　＝1L20，　P〈0．OI）．　The　coefficient±
SE　was　O．17±0．05．　Therefore，　the　number　ofresponses　increased　as　the　estimated　body
weight　ofthe　stimulus　increased（Fig．2）．
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Exam量nation　ef　the　second　SC
Iexamined　whether　the　second　vocalization　was　a　response　to　the　stimulus　or　the
preceding　SC．　The　distribution　of　SRl　peaked　between　O．2　and　O．4　s，　whereas　SR2－
SRI　peaked　at　O・0・－0・1　and　O．2　s（Fig．3）．　The　distribution　of　independent　vocal　activity
peaked　after　O．5　s（Fig．3）．　Therefbre，　the　shorter　peak　of　SR2－SRI　was　nearly　zero
and　the　longer　pcak　was　similar　to　that　of　SR1．The　distribution　ofindependent　vocal
activity　deviated　from　the　other　tWo　distributions．　I　performed　a　goodness－of－fit　test　for
intervals　shorter　than　15s，　in　which　more　than　97％ofthe　va豆ues　were　included，　fbr　the
distributions　of　SR2－SRI（n＝3，674）and　SR1（n＝11，124）；the　distribution　of　SR2－
SRI　was　significantly　different　from　those　of　SRI（X22g＝697．29，　p＜0．01）and
independent　vocal　activity（X229＝9783．48，　P＜0．01）．
Discussion
This　is　the　first　attempt　to　play　back　biologically　relevant　sounds　to　naked　mole－rats．
This　small　rodent　has　attracted　researchers　due　to　its　unique　ecology，　including　aging
（0℃o㎜or　et　al．2002；Andziak　et　al．2005；Buffenstein　2005），　physiology（e．g．，　Riccio
＆Goldman　2000；Woodley＆Buffenstein　2002；Kramer＆Buf〔bnstein　2004），　social
dominance（Clarke＆Faulkes　1997，1998，2001），　eusociality（Faulkes＆Bennett　2001）
and　visual　fUnction（Mills＆Catania　2004；Nikitina　et　al．2004；PeichI　et　al．2004；
Hetling　et　al．2005；Crish　et　aL　2006b；Xiao　et　a1，2006）．　Somatosensory　mechanisms
have　been　intensively　studied　in　corUやunction　with　blindness　ofthis　species（Catania＆
Remple　2002；Crish　et　al．2003，2006a；Park　et　aL　2003；Henry　et　al．2005，2006；Henry
＆Catania　2006）．　However，　acoustic　communication　ofnaked　mole－rats　has　been
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neglected　and　unexplored，　although　they　produce　more　than　17vocalizations（P　epPer　et
aL　1991）・This　neglect　may　be　due　to　the　perception　that　naked　mole－rats　have　relatively
poor　hearing　compared　to　other　terrestria重rodent　species（Hef正her＆Heffher　1993）．　On
the　contrary，　here　I　show　that　naked　mole－rats　have　keen　audition　of　a　high－frequency
resolution．　Their　remarkable　communication　system　may　contribute　to　maintaining　their
complex　society．
　　　　　As　fbulld　in　a　previous　study（Ybsida　et　al．2007），　the　body　we三ght　ofan　emitter
was　predictable　f士om　the　acoustic　characteristics　of　SCs．　Thus，　I　successfUlly　estimated
body　weight　ofsynthesized　SC－like　sounds　that　I　played　back　to　pairs　of　individuals．　I
fbund　that　the　number　ofresponses　increased　with　the　estimated　body　weight　ofthe
stimulus．　In　other　words，　individuals　successfUIly　discrilninated　the　acoustic　properties
ofstimuli．　This　fact　is　striking　because　naked　mo正e－rats　possess　a　relatively　narrow
hearing　range　and　a　higher　thrcshold　compared　to　terrestrial　rodent　species（Hef｛her＆
Hefliner　1993）．　This　degenerated　hearing　ability　compared　to　ten℃strial　species　is　typicaI
for　subterranean　species（M廿Iler＆Burda　1989；BrUckmann＆Burda　1997；cf．，　Sabine
et　al．2004）．　However，　I　demonstrated　that　naked　mole－rats　have　a　keen　hearing　ability
with　respect　to　f『equency　resolution　in　a　certain　range，　which　may　contribute　to　their
large　vocal　repertory．　The　acoustic　properties　of　their　sounds　are　adapted　their　habitat
（unpublished　data）．
　　　　　SCs　are　the　most丘equent　vocalization（more　than　50％of　vocalizations）ill　naked
mole－rats（Pepper　et　aL　1991）．　From　the　context　in　which　they　are　emitted，　Ybsida　et　aL．
（2007）hypothesized　that　S　Cs　fUnction　to　distinguish　colony　members　from　intruders
and／or　identifンsocial　rank　and　individuality，　and　showed　that　SCs　have　acoustic
properties　predicted　by　these　factors．　In　addition，　Ybsida　et　aL（2007）concluded　that
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SCs　are　possibly　emitted　for　affriliation　or　reconciliation　purposes　because　the　emission
rate　is　positively　correlated　with　the　relative　difference　in　body　weight，　which　is　highly
correlated　with　social　rank　The　results　ofthis　study　agree　with　these　assertions。　My
fi且dings　suggest　that　nakedエnole－rats　are　able　to　recognize　the　body　weight　oftheir
colony　mates　based　on　the　acoustic　properties　of　SCs；an　individual　tends　to　respond
more　ofセen　to　Iarger（i、e．，　dominant）individuals’SCs．　This　characteristic　suggests　that
social　rank　recognition　is　a　rnore　plausible　function　of　SCs　than　individual　identification．
Antiphonal　vocal　behavior　related　to　social　dominance　and　affiliative　contexts　occurs　in
A丘ican　elephants（Soltis　et　al．2005）and　primates（Mitani＆Nishida　1993；Soltis　et　al．
2002）．
　　　　　The　mutuality　of　SCs　is　parallel　to　allogrooming　behavior　fbund　in　various　taxa，
including　ungulates（Clutton－Brock　et　al．1976；Hart＆Hart　1992；Feh＆de　Mazieres
1993；Mooring＆Hart　1995），　primates（Sparks　1967；Barton　1987；Amold＆Whiten
2003；Manson　et　al．2004；Lazaro－Perea　et　al．2004；Schino　et　al．2005），　and　rodents
（Stopka＆Macdonald　1999；Stopka＆Graciasova　2001）．　Reciprocal　allogrooming
creates　coalitional　support　and　tolerance　under　competitive　conditions　in　which　the
frequency　of　grooming　is　the　highest　among　dominant　individuals，　who　are　most　likely
to　face　conflict　situations　that　might　escalate　to　aggression（Barrett　et　al．1999；Barrett
＆Henzi　2001）．　In　naked　mole－rats，　aggressiveもehavior　occurs　mostly　betWeen　the
queen　and　dominant　individuals（Clarke＆Faulkes　1997）．　Urinary　steroid　hormones
also　indicate　that　doエninant　individuals　rnight　be　more　stressed　than　subordinates
（Clarke＆Faulkes　l　997，1998）．　Therefbre，　the　social　system　of　the　naked　mole－rat　and
the　characteristics　of　SC　emission　resemble　the　social　system　of　species　showing
reciprocal　grooming　and　the　Hature　of　reciprocal　grooming，　respectively．
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　　　　　Since　reciprocal　a正logrooming　occurs　upon　physical　contact，　a　grooming　bout
involves　only　two　individuals，　i．e．，　a　groonユer　and　a　groomee．　Vbcal　grooming　is　more
advantageous　than‘‘physical　grooming”because　it　allows　interaction　of　more　than　tWo
量ndividuals　at　the　same　time（Dunbar　1997）．　I　demonstrated　that　the　antiphony　of　SCs
could　be　termed　vocal　grooming．　The　interval　between　a　stimulus　and　the　first　SC（SR1）
was　significantly　different　ffom　those　between　the　first　a血d　second　SCs（SR2－SR1）
and　independent　vocalization　ofpairs　of　individuals．　Moreover，　the　shorter　peak　of　the
SR2－SRl　distribution　was　nearly　zero　and　the　longer　peak　was　almost　identical　to　the
peak　ofthe　SRI　distribution．　These　two　peaks　of　the　SR2－SRI　distribution　may　reflect
responses　to　the　stimulus　and　the　first　SC，　respectively．　Thus，　stimuli　were　responsib豆e
fbr　the　responses　of　two　individuals．　This　result　suggests　that　antiphony　of　SCs　may
occur　among　more　than　three　ind．ividuals，　which　is　a　m…勾’or　characteristic　ofvocaI
groomlng・
　　　　　The　possibility　exists　that　vocal　grooming　in　naked　mole－rats　evolved　because　of
their　physical　and　social　enviroi　uments．　The　subterran．ean　habitat　might　have　forced
them　to　communicate　through　a　medium　other　than　visi。n　and　their　large　c。10ny　size
might　have　required　efficient　communication　strategies．　Further　research　in　this　system
will　reveal　how　hea血g　ability　and　the　complex　communication　system　coevolved　in
the　subterranean　environment　and　this　unique　eusocial　s。ciery．
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Tables
Table　1　．　Acoustic　parameters　ofthe　stimuli　used．
Acoustic　parameterM an SD
Frequency（kHz）
Duration（s）
　　Onset
　　Peak
　　Offset
Onset－peak
Peak－offset
3．132
4．558
3．202
0．082
0．084
0．246
0．351
0．269
0．015
0．018
Table　2．　Principal　component（PC）loadingst
Acoustic　arameterPC　1 PC2 PC3 PC4 PC5
Frequency
Duration
Onset
Peak
Offs　et
Onset－peak
Peak－offset
Cum．　rOP．
一〇．71
－0．89
－0．75
－0．53
－0．63
0．51
0．65
0．17
0．14
－0．77
－0．5
0．77
一〇．14
－0．2
0．61
　　0．3
－0．54
0．92
0．12
－0．36
0．18
－0．11
0．25
0．98
一〇．21
0．11
0．14
－0．18
0．07
Table　3．　Model　selection　for　the　fixed　effects　of　principal　component（PC）scores　on
body　weight．
Fixed　effect df ズ P △AIC
Maximum
model
Best　model
Tested　effects
PC　1＋PC2＋PC3＋PC4÷PCs
PCI＋PC3＋PC4
（IIlterc　ept±SE＝3．58±0．06）
PC5
PC2
PC4
PCI
PC3
0．36　　　　055
0．20　　　　0．66
2．49　　　　G．11
3．77　　　0．05＊
8．84　　＞0．01＊
3．44
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Table　4．　Model　selection　for　the　fixed　effects　of　estimated　body　weight（BW）on　an
individua1’s　BW．
Fixed　effect df x △AIC
Maximum
model
Best　model
Tested　effects
BW　difference　×　Estimated　B’VV
Estimated　BW
　（lntercept士SE＝0．49士O．29）
BW　difference　×　Estimated　BW
BW　difference
Estimated　BW
0．70
0．75
1正．20
　　0．40
　　0．39
＞0．01＊
2．55
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Figure　legends
Figure　1．　An　example　ofrecorded　sounds．1　defined　the　first　vocalization（denoted　“R”
in　the　sonogram）after　a　stimulus（“S”）as　the　response．
Figure　2．　Number　ofresponses　versus　the　estimated　body　weight　of　the　stimulus．　Circle
diameter　indicates　the　sample　size　of　each　point．
Figure　3．　Frequency　distribution　of　S　C　intervals．　Bin　width　was　O．05　s．　Red　line：
interval　between　the　first　and　second　SCs（SR2－SR1）；solid　blue　linel　interval　betWeen
the　stimulus　and　the　first　SC（SR1）；broken　blue　line：interval　assuming　independent
vocalizations　of　pairs　of　individuals（NτJ］LL）．
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Experiment　3
Anditory　system　of　the皿aked　mole－rat：　an　anatomical　study
Abstract
It　is　highly　probable　that　there　are　intercomlections　between　the　vocal　and　auditory
systems　in　the　brain　as　a　neural　substrate　fbr　tum－taking．　I　investigated　neuronal
connectivity　in　the　auditory　system　of　the　naked　mole－rat　as　a　preliminary　study　to
investigate　these　interconnections．　Because　the　naked　mole－rat　is　subterranean　and
highly　dependent　on　acoustic　communication，　its　auditory　system　may‘‘take　over’，　brain
areas　that　are　usually　devoted　to　visual　inforrnation　processing．　I　iontophoretically
inj　ected　a　neuronal　tracer，　biotinylated　dextran　amine，　into　auditory　nuclei（inferior
colliculus　and　medial　geniculate　body）and　examined　ascending　and　descending
pr（）j　ections．1　identified　maj　or　auditory　connections　that…rre　f（〕und　in　terres面al　rodent
species．　However，　unlike　other　subterranean　mammals　and　contrary　to　my　predictions，　I
did　not　find　neuronal　input　from　the　inferior　colliculus　or　from　the　mediai　geniculate
body　to　a　visual　nucleus，　the　lateral　geniculate　body．　Because　the　visual　system　ofthe
naked　mo正e－rat　has　not　been　fUIIy　lost，　it　is　possiblc　that　auditory　information　an（Yor
inf・rmati・n　f「・m・ther　sens・ry　m・dalities　is　relayed　int・the　sYstem　f「・m　the・the・
auditory　nuclei　and／or　nuclei　of　other　sensory　modalities，　and　the　system　may　be
devoted　to　those　sensory　modalities．　Otherwise，　the　remaining　system　might　be
involved　in　vision，　as　in　terrestrial　species．
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lntroduction
lh　tUrn－taking　behavior，　interconnections　betWeen　the　auditory　and　vocal　systems　are
essential　because　turn－taking　requires　both　perception　ofacertain　type　ofconspecific
sound　and　emission　ofthe　same　kind　ofvocalization　within　a　specific　time　window．
Therefbre，　to　elucidate　the　neural　substrate　fbr　tum－taking，　it　is　necessary　to　investigate
both　the　auditory　and　vocal　systems．　As　a　first　step，　I　examined　the　auditory　nervous
system　of　the　naked　mole－rat（・Heterocephalus　glaber）．
　　　　　The　mammalian　auditory　nervous　system　has　been　studied　extensively　in　cats　and
its　maj　or　pathways　and　physiolog重cal　mechanisms　have　beenL　discovered（Pickles　1988）．
Physical　vibrations　are　detected　by　hair　ce正1s　in　the　cochlea，　converted　to　electric　signals，
a且d　enter　the　ipsilateral　cochlear　nucleus　via　the　auditory　nerve，　The　information　is　then
relayed　to　the　superior　olivary　complex，　lateral　lemiscus，　inferior　colliculus，　a且d　medial
geniculate　body　and　is　finally　transferred　into　the　primary　auditory　cortex．　In　this
system，　there　are　also　bilatera畳prqj　ections　in　every　nucleus，　except　the　lateral　lemiscus
and　medial　geniculate　body．　In　addition　to　this　maj　or　pathway，　there　are　direct
proJ’ections　from　the　cochlear　nucleus　to　the　lateral　lemiscus　and　inferior　colliculus．　This
system　is　fairly　conserved　among　mammals，　but　is　composed　ofc。mpIex　co皿ections
（Pickles，1988）．
　　　　　Aldlough　the璃or　co㎜ectivity　of　sensory　systems　is　conservative，　the　system
has　undergone　modifications　during　evolutionary　history　to　adapt　to　the　habitats　of
various　species．　In　particular，　there　are　conspicuous　diffbrences　in　the　sensory　syste江ns
of　subterranean　species　compared　to　those　ofterrestrial　species．　A　notable　example　is
the　sensory　organ　ofthe　star－nosed　mole（Conめノ1㍑’・ロα競α切．　As　its　name　indicates，
this　species　possess　a　highly　sensitive　star－shaped　tactile　organ　and　investigates　soil
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using　this　organ　while　digging　bu皿ows　uη．derground．　This　sensory　organ　is　related　to　a
large　area　in　the　somatosensory　cortex，　where　it　has　zonal　representations，　i．e．，　each
zone　corresponds　to　a“limb”ofthe　star－shaped　organ（Catania＆Kaas　1995）．　The
somatosensory　cortex　is　enlarged　in　other　subterranean　species，　including　the　blind
mole－rat（Spa∬cvc　ehrenbergi）　and　the　naked　mole－rat（Necker　et　al．1992；Mann　et　al．
1997；Catania＆Remple　2002；Henry　et　aL　2006）．
　　　　　Are　there　modifications　in　the　visual　systems　ofspecies　that　live　underground？In
the　visual　neuronal　system　ofAfirican　mole－rats，　including　the　naked　mole－rat，
subsystems　involved　in　photoperiodicity　and　brightness　discrimination　are　relatively
conserved，　but　those　involved　in　visuomotor　reflexes　are　degenerate（Nemec　et　a12007）．
The　somatosensory　cortex　of　the　naked　mole－rat　and　the　auditory　cortex　ofthe　blind
mole－rat　invade　the　cortical　area　that　is　responsible　fbr　visua正representation　in
te皿estrial　species（Heil　et　aI．1991；Bronchti　et　a1．2002；Catania＆Remple　2002）．　ln
moles　and　the　blind　mole－rat，　there　is　auditory　input　to　a　visual　nucleus，　the　lateraI
geniculate　body，　from　an　auditory　nucleus，　the　i皿ferior　colliculus（Kudo　et　aL　1997；
Bronchti　et　al．1989；Doron＆WolIberg　1994）．　Thus，　the　visua1　system　of　these　species
has　been“taken　over”by　another　sensory　modality　such　as　auditory　or　tactile　sense．
　　　　　Therefbre，　I　predicted　that　the　auditory　system　of　the　naked　mole－rat　basica11y
fbllows　thLat　of　other　mammalian　species，　but　may　exhibit　modifications　as　a　result　of
adaptati　on　to　a　subterranean　environment．　Unlike止e　other　subterranean　species
investigated　thus　far，　the　naked　mole－rat　forms　large　colonies　and　i　s　highly　dependent
on　acoustic　communicatiol1．　Therefbre，　it　is　plausible　that　the　auditory　system　has　taken
over　the　visual　system．
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Materials　and　Methods
Anima且s
I　stUdied　animals　that　were　maintained　at　the　Laboratory　for　Biolinguistics，　Riken　Brain
Science　Institute，　W田（o，　Japan．　The　stUdy　animals　were　the　offsp血g　ofwild　individuals
（＞7mlonths　of　age）．　Two量ndividuals（body　weight　27．2　and　29．l　g，　respectively）were
used　fbr　the　experiment．　The　animals　were　maintained　in　an　artificial　burrow　system
composed　of　acrylic　boxes　and　connecting　tUbes　that　varied　in　size　and　length．　Wood
shavings　were　supplied　as　bedding．　The　temperature＆nd　humidity　of　the　rooln　were
maintained　at　30±2°C　and　60士15％，　respectively．　The　room　was　dimly　il正uminated　fbr
24h．　The　bedding　was　changed　and　the　animals　were　fed　vegetables　and　supplemental
nutrients　every　other　day．
Surgical　procedure
The　subj　ects　were　deeply　anesthetized　by　the　inhalation　of　2－4％isoflura皿e（Abott
Japan，　Tokyo，　Japan）in　O2　and　then　placed　in　a　stereotaxic　apparatus（Narishige，　Tokyo，
Japan）．　I　perfbrmed　a　cranioto皿y　in　the　skUll　above　the　inj　ectien　site　and　lowered　a
glass　micropipette（outer　diameter　of　the　tip冨50μm）filled　with　5％biotinylated
dextran　amine（BDA；MW＝30000r　l　O，000；MolecuIar　Probes，　Eugene，　OR）in　O．1
mol　phosphate－buffered　saline（PBS；pH　7．4）．　These　neurotracers　were　iontophoratically
inj　ected　into　the　inferior　colliculus　or　medial　geniculate　body（4　pA　current，7son，7s
off　fbr　20－30　min）．1　inj　ected　BDA　into　the　left　hemisph．ere　for　both　of　the　inj　ections．
After　the　injection，　I　cleaned　the　wound　with　antibiotics，　stitched　the　incision　and　closed
the　area　with　liquid　plaster．
　　　　　Af辻er　3－5　days，　the　su切ects　were　given　an　intraperitoneal　overdose　of
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pentobarbita夏（100　mg／kg）and　perfUsed　transcardially　with　PBS　followed　by　4％
paraformaldehyde　in　O．1　M　phosphate　buffer（pH　7．4）．　The　brain　was　removed　from　the
skull　and　post一丘xed　in　4％parafb㎜aldehyde．
Tissue　prepaLration
Iembedded　the　brain　in　egg　yo正k，　blocked　the　frontal　plane，　and　cut　50－pm　sections　on　a
vlbration　microtome（Dosaka　EM，　Osaka，　Japan）．　To　visualize　BDA，　I　used
3．3’－diaminobenzidine（DAB；Sig【na）peroxidase　substrate，　which　results　in　a　black
opaque　reaction　product．　Briefly，　I　rinsed丘ee－floating　sections　three　times（10min
each）in　PBS　and　quenched　endogenous　peroxidase　activity　by　incubating　the　sections
in　O．3％H202　fbr　l　h．　I　then　rinsed　each　section　three　times　in　PBS　and　incubated　them
in　O．2％Triton－X（Sigma，　St．　Louis，　MO）fbr　40　min．　I　incubated　these　sections　in
avidin－biotin　complex　solution（1：500；Vector　Laboratories，　Burlingame，　CA）at　4°C
ovemight．　After　three　rinses　in　PBS　and　in　O．Ol　mol　Tris－HCI　buffer（pH　7．6），　I
incubated　the　sections　in　a　solution　ofO．025％DAB　and　1％ammonium　nickel　sulfate
hexahydrate　in　the　Tris－HCI　fbr　5　min　and　then　added　H202　so　that　the　final
concentration　was　O．0005％．　After　4－5　min，　the　reaction　was　stopped　by　rinsing　the
sections　three　times　in　PBS．
　　　　　The　sections　were　mounted　on　gelatin　subbed　slides，　air－dried，　and　counterstained
with　cresyl　violet．　The　sections　were　dehydrated　in　ethanol，　cleared　in　xylene，　and
coverslipped　with　Enteユ1an　New（Merck　KGaA，　Darmstadt，　Germany）．
Histological　analyses
I　inspected　the　sections　under　a　bright　field　microscope（Eclipse　E600；Nikon，　Tokyo，
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Japan）．　lmages　were　photographed　using　a　digital　camera（1310c，　DVC，　Austin，　TX）
mounted　on　the　microscope　and　processed　on　a　PCIAT　coinpatible　personal　computer．
Results
Injection　into　the　in£erior　co11iculus
lnspection　of　the　inj　ection　site　revealed　that　1　success制ly　inj　ected　BDA　into　the　central
nucleus　of　the　inferior　colliculus．　No　diffUsion　was　evident　outside　ofthe　nucleus（Fig．
1）．
A　n　terograde　prqアection　I　found　antero　grade　labeling　similar　to　that　observed　in
terrestrial　mammalian　species．　Labeled　fibers　coursed　rostrally　from　the　injection　site
and　terminated　bilaterally　at　the　medial　geniculate　body（Fig．2）．　However，　in　contrast　to
other　subterranean　species，　no　labeled　fibers　were　observed　on　either　side　ofthe　lateral
geniculate　body．　I　also　fbund　labeled　fibers　that　coursed　contraterally　to　the　inferior
colliculus（Fig．3）．　Thus，　the　inferior　colliculus　projects　forward　to　the　bilateral　medial
geniculate　body　and　contrateral　inferior　colliculus・
Retrograde、pro．ノection　　　I　fbund　retrograde　pr（）j　ecti　ons　that　are　observed　in⑪ther
mammalian　species．　Labeled　fibers　coursed　ventrally　to　the　ipsi正ateral　lateral　lemiscal
area　and　superior　olivary　complex．　There　were　labeled　somas　in　both　the　lateral　lemiscal
area　and　superior　olivary　complex（Fig．4）．　Therefbre，　the　inferior　colliculus　receives
pr（）j　ections　from　the　ipsilateral　01ivary　complex，　but　some　are　relayed　to　the　lateral
Iemiscal　area．
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Injection　into　the　medlal奮eniculate　body
I　successfUlly　inj　ected　BDA　into　the　medial　genicu．1ate　body（Fig．5）．　However，　there
was　slight　labeling　along　the　micropipette　track，　and　some　diffUsion　was　observed
medial　to　the　i垣ection　site（Fig．5）．
Ante”ograde　laわeli’lg　　　Ifbund　labeled且bers　that　coursed　rostral正y　and　temlinated
ipsilaterally　at　the　temporal　cortex，　which　may　correspond　to　the　primary　auditory　area
（Fig．6）．　Inspection　at　high　magni且cation　revealed　densely　labeled　fibers　in　the　extemal
pyramidal（fburth）1ayer．1　observed　no　contralateral　pr（）j　ection　in　the　cortex　area．
　　　　　Ialso　fbund　many　labeled　fibers　that　went　through　the　lateral　geniculate　nucleus，
which　relays　visual　infbnnation　to　the　cortex（Fig．7）．　Thus，　theエnedial　geniculate　body
pr（）j　ects　forw　ard　to　the　ipsilateral　temporal　cortex　and　perhaps　to　the　1ateral　geniculate
body．
Retrograde　labeling　　　The　maj　ority　of　labeled　neurona正somas　were　fbund
bilaterally　in　the　central　nucleus　ofthe血fbrior　colliculus（Fig．8）．　In　addition，　there
were　retrograde　pr〔）j　ections　from　the　s　ixth　layer　of　the　temporal　cortex（Fig．6b）．
Therefbre，　the　medial　geniculate　body　has　both　afferent　and　efferent　pr（）j　ections　f｝om／to
the　temporal　co並ex．
Discussion
Sensory　systems　in　animals　have　evolved　in　response　to　their　phys量cal　and　social
environments．　in　many　subterranean　mammals，　somatosensory　systems　are　highly
developed，　whereas　the　visual　system　has　degenerated（Necker　et　aL　1992；Mann　et　al．
1997；Catania＆Remple　2002；Henry　et　a1．2006）．　Moreover，　such　expanded　sensory
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systems　often‘‘take　over，，　other　brain　regions　that　are　usually　used　fbr　other　sensory
rnodalities．　lrt　the　naked　mole－rat，　the　somatosensory　cortex　expands　into　the　visual
cortex（Mills＆Catania　2004；Hetling　et　al．2005；Crish　et　al．2006；Xiao　et　al．2006）．　I
inj　ected　a　neuronaI　tracer　into　the　central　nucleus　ofthe　infbrior　colliculus　and　medial
geniculate　body　and　identified　maj　or　parts　of　the　auditory　nerve　system　ofthe　naked
mole－rat（i．e．，丘om　th、e　superior　olivary　complex　to　the　temporal　cortex）．
　　　　The　naked　mole－rat　possesses　an　extensive　vocal　repertory　of＞17　sounds　and　is
highly　dependent　on　acoustic　signals　for　communication　with　colony　mates（Pepper　et
al．1991）．　Therefbre，　I　expected　that　its　auditory　system　may　have　developed　and　taken
over　the　visua豊system，　which　may　be　useless　in　an　underground　habitat　Contrary　to　this
prediction，　pr（）j　ections　from　the　inferior　collicu正us（auditory　nuc正eus）to　the　lateral
geniculate　body（visual　nucleus）were　not　observed．　To　fUrther　verify　that　there　is　no
connection　betWeen　these　nuclei，　a　neuronal　tracer　should　be　inj　ected　into　the　lateral
geniculate　body　and　the　absence　ofretrograde　labeling　should　be㎞．vestigated・Ifbu血d
that　there　might　be　a　pr〔）j　ection　from　the　medial　genicu重ate　body　to　the　lateral　geniculate
body．　However，　little　is　known　about　this　inter－genicular　pr〔）j　ection，　and　it　might　be　an
experimental　artifact．　Leakage　of　neuronal　tracer　around　the切ection　site　is　probable
because　the　medial　and　lateral　geniculate　bodies　are　a（lj　acent．　A　tracer　should　be
injected　into　more　a　restrictive　region　to　fUrther　investigate　this　neuronal　connection・
　　　　Alth・ugh　the　lateral　geniculate　b・dy・f止e　naked　m・1e－rat　is　pa「tly　degenerated・it
has　not　been　fUlly　lost（Xiao　et　aL　2006）．　lf　there　is　no　connection　among　these　puclei
and　the　auditory　system，　the　lateral　geniculate　body　may　have　a　fUnction　other　than
audition．　For　example，　the　vision　ofthe　nal（ed　mo互e－rat　fhnctions　to　tlle　extent　that　rapid
changes三n　brightness　are　detectable（｝玉etling　et　aL　2005）．
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　　　　　Tum－taking　is　a　behavioral　sequence　in　which　an　individual　perceives　auditory
signals　f士om　conspecifics　and　audibly　responds　within　a　predetermined　time　window．
Thus，　interconnections　between　the　auditory　and　vocal　systems　are　indispensable．　The
con丘rmation　ofthis　interconnectivity　requires　several　steps．　First，　the　brain　region
respo且sible　fbr　the　production　of　sounds（e．g．，　soft　chirps　in　the　naked　mole－rat），　must
be　identified：possibly　the　periaqueductal　gray　matter　of　the　mid－brainL　and　ascending
pr（）j　ections　from　that　region．　The　connectivity　from　the　auditory　system　to　another
system　should　then　be　investigated．　Through　such　neuroanatomical　research，　it　should
be　possible　to　determine　the　brain　regions　among　which　interconnections　occur．
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Figure匪egends
Figure　l．Tracer　i】ljection　site　in　the　inferior　colliculus．（b）is　a　high　magnification　of　the
injection　site　depicted　in（a）．　Scaleもars　indicate正mm　in（a）and　200　pm　in（b）．
Figure　2．　Ipsilateral（a）and　contlatera1（b）efferent　pr（）j　ections　f｝om　the　inferior
colliculus　to　the　medial　geniculate　body．　Scale　bars　indicate　50　pm．
Figure　3．　Inter－colliculi　pr〔）jection　of　inferior　colliculus．　Scale　bar　indicates　l　OO　pm．
Figロre　4．　Ipsilatera1　afferent　pr（）j　ections　from　the　inferior　colliculus　to　the　lateral
Iemiscus（a）and　superior　olivary　complex（b）．　Scale　bars　indicate　100　pm．
Figure　5．　Tracer　inj　ection　site　of　the　medial　geniculate　body．（b）is　a　high　magnification
ofthe　inj　ection　site　depicted　in（a）．　Scale　bars　indicate　l　mm　in（a）and　200　pm　in（b）．
Figure　6．　Ipsilateral　efferent　pr（）j　ection　from　the　medial　geniculate　body　to　the　temporal
cortex．（b）is　a　high　magnification　ofthe　area　depicted　in（a）．　Scale　bars　indicate　l　mm
in（a）and　200μm　in（b）．
Figure　7．　Ipsilateral．efferent　proj　ection　from　the　medial　geniculate　body　to（presumably）
the　Iateral　geniculate　body．　Scale　bar　indicates　l　OO　Fm．
Figure　8．　Ipsilateral（a）and　contlateral（b）afferent　pr（麺ectiolls丘om　the　media正
geniculate　body　to　the　inferior　colliculus．　Scale　bars　indicate　50μm．
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Experiment　4
Bilateral　lesions　of　the　medial　prefrontal　cortex　disrupt
　　　recognition　of　social　hierarchy　during　antiphonal
　　　　　　　　　　　　　　　　　　　　　　COmmUniCatiOn
Abst「act
Generation。f　the　rnotor　patterns　of　emotional　sounds　in　mammals　occurs　in　the
periaqueductal　gray　matter　of　the　midbrain　and　is　not　directly　controlled　by　the　cortex．
The　medial　pref｝ontal　cortex（mPFC）indirectly　controls　vocalizations　based　on　the
recognition　of　social　context．　I　examined　whether　the　mPFC　is　responsible　fbr
antiph。nal　vocalization，　or　tum－taking，　in　naked　mole－rats．　hl　n。mal　tum－tak血g，　naked
mole－rats　vocalize　more　f士equently　to　dominant　individuals　than　to　subordinate　ones．
Bilateral　heat－electric　lesions　of　the　mPFC　severely　disrupted　differentiation　of　emission
rates　to　the　stimulus　animals　of　varied　social　relationships　to　the　subj　ect．　However，
n1PFC　lesions　did　not　affect　the　acoustic　properties　of　the　voca重izations　or　spontaneous
utterances　of　sound．　This　suggests　that　the　mPFC　may　be　involved　in　social　cognition
during　tum－taking，　whereas　other　regions　ofthe　brain　may　regulate　when　animals
vocalize　and　the　vocalizations　themselves．
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lntroduction
Whereas　the　production　of　linguistic　utterances　is　directly　controlled　by　the　cortex，
emotional　sounds，　such　as　cries　of　surprise，　are　regulated　in　regions　of　the　brain　lower
than　the　midbrain（JUrgens　1994）．　Almost　all　mammalian　vocalizations　except　human
language　are　emotional　sounds，　and　previous　research　on　their　production　has　shown　the
involvement　of　periaqueductal　gray　matter（PAG）of　the　midbrain．　Because　electrical
stimulation　of　PAG　modulates　respiratory　rhythrnicity，　and　initiates　copulation　eliciting
posture（lordosis）and　emotional　sounds，τesearchers　suspect　that　this　region　of　the　brain
fUnctions　as　a　motor　pattern　generator　of　intrinsic　behavior（Behbehani　1995）．　i　l
addition，　PAG　lesions　cause　mutism　in　humans　and　suppress　vocalizations　in　other
mammalian　species（S㎞ltety　1962，1968；JUrgens＆Pra廿1979；Esposito　et　al．1999）．
PAG　receives　neuronal　inputs　f｝om　various　regions　of　the　brain　including　the　thalamus，
the　limbic　system，　and　visual　and　auditory　systems；based　on　such　inputs，　it　generates
motor　pattems（Domesick　1969；JUrgens＆Ploog　1970；Hardy＆Leich皿etz　I　981a，　b；
Beitz　l　982；Mantyh　1982a，　b；Marchand＆Hagino　1983；Bragin　et　a1．1984；Meller＆
Dennis　1986；Neafsey　et　al．1986；Bandler＆Tork　1987；Bianchi　et　al．1990；Keay　et　aL
1997；Kyuhou＆Gemba　1998；Li　et　al．1998；Freedman　et　al．2000；Chiba　et　aL　2001）．
　　　　　Because　emotional　sounds　are　not　directly　controlled　by　the　cortex，　electrical
stimulation　of　the　maj　ority　of　cortical　regions　does　not　elicit　vocalizations・An　exceptlon
is　the　medial　pre丘ontal　cortex（mPFC），　whose　stimulation　leads　to　utterances　in　squirrel
monkeys（Saimiri　sciureus；JUrgens＆Ploog　l　970）．　Investigation　of　neuronal
connectivity　from　the　region　responsible　for　contact　calls　in　PAG　revealed　a　strong
pr（）j　ection丘om　the　prelimbic　cortex，　part　of　the　mPFC（Kyuhou＆Gemba　1998；
Duj　ardin＆J前rgens　2006）．　In　squirrel　monkeys，　lesions　ofthe　prelimbic　cortex　cause
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the　disapPearance　of　voluntary　contact　cal韮s，　although　responses　to　conspecific　contact
calls　are　retained（MacLean＆Newman　l　988）．　Lesions　of　the　anterior　cingulate　cortex，
also　part　of　the　mPFC，　disrupt　vocal　operant　conditioning　tasks　in　macaques（Aitken
1981；Sutton　et　al．正974），　while　they　result　in　the正oss　ofprosody　as　a　representation　of
emotion　in　humans（JUrgens＆von　Cramon　l　982）．　Therefore，　the　mPFC　may　be
invoIved　in　the　generation　ofthe　emotional　state　required　fbr　voca正izations・
　　　　　In　addition　to　voca璽behavior，　mPFC　lesions　severely　affect　socia亘cognition　and　is
implicated　in　autism　and　schizophrenia（Pinkham　et　a1．2003；Wood　2003＞In　macaques，
正esions　of　this　area　diminish　attention　to　biologically　important　stimuli　such　as
prospective　mates　and　dominant　individuals（Rudebeck　et　al　2006）．　Moreover，　the
mPFC　in．volves　reinfbrcement　prediction，　as　lesions　disrupt　revcrsal－leaming　tasks．
Based　on　these　findings，　lack　ofsocial　cognition　may　be　traced　back　to　the　dismption　of
reinforcement　prediction（Rushworth　et　al．2007）．
　　　　　In　turn－ta㎞g　behavior，　subordinate　naked　mole－rats　vocalize　more　frequently
than　dominant　ones（Yosida　et　al，2007）．　This　fact　points　to　voluntary　vocalization　by
subordinate　individuals　because　ifpairs　of　individuals　vocalized　one　by　one，　the　total
number　of　vocalizations　would　be　almost　identical　between　pairs．　Therefbre，　social　rank
recognition　in　t㎜一taking　Inay　be　accounted負）r　by　the　mPFC・From　this　hypothesis・I
predicted　that　mPFC　lesions　would　suppress　voluntary　soft　chirps　in　consequence　of　the
failure　of　social　rank　recognition．　Moreover，　I　predicted　that　lesioned　individuals　would
emit　almost　the　same　number　of　vocalizations　without　regard　to　social　relationship、
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Materials　and　Methods
Animals
Istudied　naked　mole－rats　maintained　at　the　Laboratory　fbr　Biolinguistics　at　the　Rike皿
Brain　Science　Institute，　Wako，　Japan．　Subj　ects　were　offspring　ofwild　individuals（＞7
months　of　age）and　weighed　24．5　g，28，3　g　and　32．2　g　at　the　time　of　surgery，　For　each
subj　ect，1　assigned　two　individuals　from　the　same　colony　as　stimuli　for　the　behaviorai
assay．　Those　individuals　were　heavier　and　lighter　in　body　weight　than　the　subj　ect　and
represented　the　subj　ect’s　dominant　and　subordinate，　respectively．
　　　　　Animals　were　maintained　in　a　system　of　artificial　burrows　that　was　composed　of
acrylic　boxes　and　connecting　tUbes　varying　in　size　and　length．　Wooden　shavings　were
used　as　bedd加g．　The　temperature　and　humidity　of　the　room　was　maintained　at　30土2°C
and　60％土15％，　respectively．　The　room　was　dimly　lit　for　24　h．　1　maintained　the　animals
every　other　day　by　changing　the　bedding　and　feeding　the　animals　vegetab正es　and
supPlemental　nutrients．
Surgical　procedure
Subj　ects　were　deeply　anesthetized　by　inhalation　of　2％to　4％isoflurane（Abbott　Japan，
Tokyo，　Japan）in　oxygen　and　then　were　placed　in　a　stereotaxic　apparatus（Narishige，
Tokyo，　JapIm）．1　performed　a　craniotomy　in　the　skull　above　the　lesion　area　and　inserted
alesion　electr。de（Radionics，　Burl血gton，　VT；diameter：0．25㎜）．　Heat－electric　lesions
were　made　bilaterally　at　O．0，1．0，　and　2．O　mm　rostral　to　the　bregma，0．5　mm　lateral　to
山emidline，舳tadepthofO．7㎜（80°伽d　l　min）．　After　the　lesions　were　created，
Icured　the　wound　with　antibiotics，　stitched　the　incision，　and　closed　the　area　with　liquid
plaster．
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Recor〔ling　apparatus
Imade　recordings　in　a　standard　mice　cage（27　x　21×16　c　n）in　a　sound－attenuating
chamber　lined　with　felt．　I　placed　a　condenser　microphone（ATM57；Audio－Technica，
Tokyo，　Japan）20　cm　above　the　floor　ofthe　recording　box．　The　microphone　was
connected　to　a　Windows－compatible　personal　computer　through　an　audio　mixer　and　a
sound　device（SE－U77；Onkyo，　Osaka，　Japan）．　Recording　to　the　hard　drive　was　via
Avisoft－SASlab　Pro（Avisoft　Bioaoustics，　Berlin，　Germany）set　at　a　44．1－kHz　sampIing
rate　and　16－bit　resolution；the　recorded　sounds　were　stored　as．wav　files．
Behavior段藍assay
I　compared　a　ntiphonal　communications　before　and　afしer　the　surgery、　Prior　to　the　surgery，
the　subject　was　isolated　from　the　colony，　kept　in　a　polypropylene　box（22　x　16　x　l　l　cm），
and　fed　the　same　as　the　other　animals．　B　eddings　were　transferred　from　the　original
colony　to正naintain　odor　contact．　I　started　the　behavioraI　assay　on　the　second　day　of
isolation．　Prior　to　recording，1　aIlowed　the　subject　to　interact　with　stimulus　individuals
丘ee正y　in　a　neutral　space（22　x　16＞く11　cm）fbr　15to　30　min．　Then　I　paired　the　subj　ect
witll　either　the　dominant　or　subordinate　stimulus　individua1，　placed　them　in　the
recording　apparatus，　and　recorded　sounds　for　15　min．　After　this　recording，　1　placed　back
the　pair　in　the　neutral　space　for　15　min，　and　then　I　paired　the　subj　ect　with　the　other
stimulus　individual　and　recorded　sounds　in　the　same　manner．　I　repeated　these　recordings
fbr　4　days，　resulting　in　four　sessions　each　with　the　dominant　and　subordinate　stimu正us
黄ndividuals．　The　order　of　pairing　with　the　stimulus　individuals　was　counterbalanced、
The　day　after　the　presurgical　behavioral　assay，　I　performed　the　surgery　and　all。wed　the
subj　ect　to　recover　for　1　day；the　next　day　1　recommenced　the　behavioral　assay　under　the
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postsurgical　condition　as　described　above．
　　　　　For　statistical　analysis，　I　performed　a　repeated　tWo－way　ANOVA　considering
pseudoreplication　of　individuaPs　repeated　assay．　I　entered　the　total　number　of
vocalizations　during　the　session　as　a　response　variable．　Recording　period（pre－or
postsurgery），　dominance　status　ofthe　stimulus　individual（dominant　or　subordinate），
and血ose　interaction　te㎜s　were　explanatory　vadables．　When　there　were　si｛蜘c㎜t
effects，1　performed　post　hoc　tests　using　Tukey’s　honest　significance　difference　tests．
Acoustic　analysis
I　examined　whether　mPFC　lesions　affected　the　acoustic　structure　of　soft　chirps．　After
each　of　the　recording　trials，　I　recorded　8－15　vocalizations　from　the　subj　ect　elicited　by
touching　the　anima1’s　body．　For　statistical　analyses，　I　computed　mean　values　fbr　five
acoustic　parameters（onset，　offset，　and　peak　f士equencies，　and　onset－to－peak　and
peak－to－offset　durations；see　Experiment　l　fbr　details）fbr　each　recording　session，　and
performed　a　principal　components　analysis　for　five　acoustic　parameters．　1　tested　the
effect　ofmPFC　lesions　using　repeated　one－way　ANOVA．　I　entered　p血cipaI　component
（PC）scores　as　response　variables　and　recording　Period（pre－or　postsurgery）as　an
exp正anatory　variable．　Individuality　was　also　entered　in　the　model　considering
pseudoreplication．．
正■［istology
After　completion　of　the　behavioral　assay，　the　subj　ect　was　given　an　overdose　of
pentobarbital（100　mg湾kg）intraperitoneally　and　perfUsed　tra　nscardially　with　O．　1　M
phosphate－buffered　saline（PBS；pH　7．4）fbllowed　by　4％paraformaldehyde　in　O．1　M
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phosphate　buffer（pH　7．4）．　The　brain　was　removed　from　the　skUll　and　postfixed　in　4％
parafomialdehyde　in　phosphate　buffer　until　slicing．
　　　　　Ielnbedded　the　brain　in　egg　yolk，　blocked　in　the　f士ontal　plane，　and　cut　50一μm
sections　on　a　vibration　microtome（Dosaka　EM，　Osaka，　Japan）．1　performed　NeuN
（neuron－specific　nuclear　protein）immunohistochemistry　to　examine　lesion　areas　fbr
altemate　sections．　I　utilized　DAB（3．3’－diaminobenzidine）peroxidase　substrate，　which
resulted　in　a　black　opaque　reaction　product．　Briefly，1　rinsed　free－floating　sections　three
times（10min　each）in　PBS　and　quenched　endogenous　peroxidase　activity　by　incubating
sections　in　O．3％hydrogen　peroxide　fbr　l　h．　Then　I　rinsed　the　sections　three　times　in
PBS…md　blocked　them　in　2．5％norrnal　horse　serum　and　O．2％Triton－X（Sigma，　St．
Louis，　MO）in　PBS　fbr　40　min．　I　rinsed　the　sections　three　more　times　and　I　next
incubated　sections　in　PBS　containing　a　mouse　anti－NeuN　antibody（1：1，000；Chemicon
htemational，　Temecula，　CA），0．3％Triton－X，　and　1％normal　horse　serum　overnight　at
4°C．Then　1　rinsed　the　sections　three　more　times　and　incubated　them量n　biotinated　horse
anti－mice　antibody（1：500；Sigma）and　O．3％Triton－X　fbr　2　h　fbllowed　by　three　more
rinses　in　PBS．　I　incubated　these　sections　in　avidin－biotin　complex　solut量on（1：500；
Vector　Laboratories，　Burlingame，　CA）at　4°C　fbr　ovemight．　Then　I　rinsed　three　tilnes　in
PBS　and　in　O．01　mol　Tris－HCI　buffer（pH　7．6），　and　I　next　incubated　sections　in　a
solution　of　O．025％DAB（Sigma），1％anmionium　nickel　sulfate　hexahydrate　in　O．01
卑ol　Tris－HCI　buffer　for　5　min　and　then　added　hydrogen　peroxide　until　the　fin孕l
concentration　was　O．0005％．　After　5　to　6　min，　I　stopped　the　reaction　by　rinsing　the
sections　three　more　times　and　rnounted　them　on　gelatin－subbed　slides　fbr　air－drying，
Sections　were　dehydrated　in　ethanol，　cleared　in　xylene，　and　coverslipped　with　Entellan
New（Merck　KGaA，　Dannstadt，　Germany）．
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　　　　　Iinspected　section、s　under　a　bright　field　microscope（Eclipse　E600；Nikon，　Tokyo，
Japan）．　I　photographed　images　with　a　digital　camera（1310c；DVC，　Austin，　TX）
mounted　on　the　microscope　and　processed　them　on　the　PCIAr－compatible　computer．
Results
］Lesion　site
IsuccessfUlly　lesioned　the　mPFC　bilaterally（Fig．1）．　The　lesion　area　extended－0．8　to
2．6　mm　rostral　to　the　bregma　and　O．O　to　l．2　mm　lateral　to　themidline，　andwas　O、O　t。
1．2mm　in　depth．
Behavioral　assay
Inspection　ofthe　recorded　sound　revealed　that　bilateral　lesions　of　the　mPFC　did　not
disrupt　spontaneous　vocalization　of　soft　chi】4）s（Fig、2），　but　a　distinct　efifect　was
detected　on　antiphonal　vocalization（Fig．3）．　Befbre　the　surgery，　subj　ects　differentiated
the　total　number　of　vocalizations　depending　on　the　dominance　status　of　the　stimu正us
individual，　but　after　the　surgery，　the　difference　in　the　total　number　ofvocalizations
disappeared．　The　interaction　of　recording　period　and　dominance　statUs　was　signrificant
（F1，　42＝11．44，　P〈OD1）．　Post　hoc　comparisons　revealed　significant　differences　on　all
factor　level　combinations　except　for　post－dominant　vs．　post－subordinate（pre－dominant
vs．　pre－subordinate：p＜0．01；pre－dominant　vs．　post－dominant：p〈0．0玉；pre－dolninant　vs．
post－subordinate：pくO．O　1；pre－subordinate　vs．　post－dominant：p＝0．0正；pre－subordinate
vs．　post－subordinate：p＜0．01；post－dominant　vs．　post－subordinate：ns）．　Therefore，　after
the　surgery，　overall　number　ofvocalizations　decreased　and　subjects　emitted　almost　same
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number　of　sounds　regard亘ess　of　the　social　relationship．
Acoustic　analysis
hユone　subject　ofpost　surgical　recordings，　the　subject　did　not　emit　a　SC　in　two　sessions；
therefore　1　examined　the　data　of　24　values　in　total　for　acoustic　analysis．　Principal
components　analysis　revealed　that　the　first　and　second　PCs　accounted　fbr　85％ofthe
total　variance，　so　I　em、pIoyed　these　for　fhrther　analyses（Table　1）．　The丘rst　and　second
PCs　accounted　for　overall　ffequency　modulation　depth，　duration　of　the　first　ha正f（onset
to　peak）of　the　vocalization，　respectively．　Repeated　one－way　ANOVA　models　revealed
that　the　effect　of　mPFC　lesions　was　not　significant　on　the　first　and　second　PCs（PC1：F1，
18＝0，09，pニ0．77；PC2；F1，18＝0．12，　p＝0．74），　Therefbre，　mPFC　Iesions　did　not　affect
the　acoustic　structure　of　the　soft　chirps．
Discussion
Contrary　to　my　prediction，　mPFC　lesions　did　not　result　in　the　disappearance　of
spontaneous　soft　chirps，　but　a　strikin、g　effect　ofthe　lesion　was　observed　on　the
difference　in　the　total　number　of　vocalizations　depending　on　the　relationship　between
individuals．　Overal1，　the　number　of　vocalizations　by　lesioned　individuals　decreased，　and
the　individuals　vocalized　almost　the　same　number　to　both　dominant　and　subordinate
colony－mates．1n　addition，　the　lesions　did　not　affect　the　acoustic　properties　of　the　soft
chirps，　which　suggests　that　the　mPFC　is　responsible　fbr　social　rank　recognition　but　not
f（）rVOCaliZatiOn　emiSSiOn．
　　　　　Although　a　striking　effect　ofthe　mPFC　lesion　was　seen，　note　that　these　findings
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are　sti正1　tentative．1　need　to　examine　more　precisely　whether　spontaneous　vocalization
ceased　as　the　result　of　the　lesion　because　I　came　to　this　conclusion　only　by　visu、al
inspection　ofthe　sonogram　and　behavioral　observation　dur童ng　recordings．　Quantitative
examination　may　be　required　to　confirm　the　ablation　of　spontaneous　soft　chirps．
Previous　research　has　revealed　that　tum－taking　in　naked　mole－rats　occurs　at　about　O．3－s
intervals（Ybsida　et　a1．2007）．　Based　on　this　finding，　invest量gating　the　fセequency
distribution　of　the　intervals　may　isolate　spontaneous　voca正izations　and　replies　to
colony－mates．　Moreover，　in　addition　to　the　inspection　of　interva互s，1　may　need　to
analyze　videotaped　behavioral　data　to　fUrther　confirm　the　disappearance　of　spontaneous
vocalizations　because　three　different　pathways　may　exist　for　eliciting　soft　chirps：soft
ch、irps　of　other　i血dividuals，　physical　touch，　and　genuine　spontaneous　vocalization．　The
inspection　of　intervals　only　allows　for　the　isolation　of　soft　chirps　of　other　individua正s
from　the　other　pathways．　To　distinguish　genuine　spontaneous　vocalizations　fkom　those
elicited　by　physical　touch，量t　is　necessary　to　analyze　the　physical　touching　of　subjects　by
colony－mates　and　the　walls　ofthe　record量ng　cage，　and　to　ana玉yze　the　accompanying
vocalizations．　If　no　vocalizations　are　observed　other　than　those　elicited　by　physical
touch　and　soft　chirps　of　other　individuals，　I　would　be　ab重e　to　conclude　that　spontaneous
soft　chirps　disappeared　as　the　resu董t　of　mPFC　lesions．
　　　　　Even　if　spontaneous　vocalizations　exist　after　mPFC　lesions，　this　does　not　negate
the　possibility　that　the　mPFC　is　invo至ved　in　social　rank　recognition　in　tum．－taking．
FutUre　research　should　examine　the　involvement　of　the　mPFC　in　other　social　behavior
such　as　burrow　maintenance　work，　fbraging，　and　reproductive　helping．
　　　　　In　squirrel　monkeys，　mPFC　Iesions　only　disrupt　spontaneous　vocalizations　and
not　replies　to　conspecifics（Kirzinger＆Jtirgens　1982；MacLean＆New茎nan　1988）．　in
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corjunction　with　my　f1nding，　one　can　hypothesize　that　the　mPFC　mediates　recognition
of　social　context，　and　other　reg量ons　ofthe　brain　regulate　when　to　vocalize．　Neuronal
co皿ections　exist　between　PAG，　the　intensive　vocaI　control　center，　and　thle　auditory
nervous　system，　and　these　connections　are　invoIved　in　reflexible　vocal　controls　such　as
the　Rambert　effect　in　squirrel　monkeys（Hage　et　al．2006）and　Doppler－shift
compensation　ill　bats（Behrend＆Schuller　2000）．　Perh、aps　these　regions　may　also　be
involved　in　the　timing　management　of　tum－taking．
　　　　　The　mPFC　includes　the　anterior　cingulate　cortex，　the　premotor　cortex，　and　the
anterior　limbic　cortex，　and　each　of　these　regions　is　related　to　vocalization．　Lesions　of
the　anterior　limbic　cortex　abolish　spontaneous　contact　calls　in　squirrel　monkeys
（MacLean＆Newman　1988），　and　this　brain　area　contains　massive　proj　ections　of　PAG
（Duj　ardin＆J廿rgens　2006）．　In　guinea　pigs，　electrical　stimulation　of　PAG　elicits　contact
calls，　and　this　region　receives　pr（）j　ections　prima：rily　from　the　anterior　limbic　cortex
（Kyuhou＆Gemba　1998）．　In　addition，　the　premotor　cortex　is　involvod　in　spontaneous
vocalization　among　squirrel　monkeys（Kirzinger＆JUrgens　1982）．　However，　few
stUdies　have　reported　on　the　involvement　of　the　premotor　cortex　in　the　vocalizarion　of
rodents．　Therefbre，　all　brain　areas　lesioned　in　this　experiment　could　possil〕1y　regulate
recognition　of　social　context　in　tum－taking．　More　restricted　Iesions　will　reveal　whether
the　areas　mentioned　above　are　responsible　fbr　tum－taking．
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Tables
Table　1．　Loadings　for　principal　components　analysis
Acoustic　parameterPC1 PC2 PC3 PC4 PC5
Frequency
Duration
Onset
Peak
Offs　et
Onset－peak
Peak－offs　et
Cum．　prOP．
0．80
－0．75
0．81
－0．20
－O．85
0．52
一〇．54
－0，43
0．50
0．95
0．13
0．85
0．13
－0．45
－0，09
－0．15
0．47
0．95
一〇．14
－0．20
－0．28
0．Ol
－0．21
0．98
0，18
0，03
－0．11
0．17
0．01
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Figure　legends
Figure　l、Microscopic　pictUre　of　the　heat－electric　lesion　site．　Scale　bar（right　bottom
comer）corresponds　to　800　Fm．
Figure　2．　Part　of　a　sonogram　recorded　during　postsurgical　behavioral　assay．　Asterisks
indicate　vocalizations　by　the　su1オect．　Solid　lines　represent　antiphonal　vocalizations；
dashed　lines　denote　possible　spontaneous　vocalizations．
Figure　3．　Mean　total　number　of　vocalizations　fbr　each　recording　period（pre－or
postsurgery）and　social　relationship（domina皿t　or　subordinate　colony－mate）．　Different
symbols　depict　different　subj　ects，　which　indicate　the　observed　total　number　of
vocalizations　during　each　recording　session．
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General　1）iscussion
Ishowed　that　tum－taking　behavior　in　the　naked　mo1e－rat，　a　rodent　with　a　unique　socia1
structure，　is　an　ideal　biological　model　system　with　which　to　investigate　the　neural
substrate　fbr　turn－taking．　I　discovered　that　the　soft　chirp　ofnaked　mole－rats　is　vocalized
antiphonally　and　can　be　classified　as　tum－taking．1且addition，　I　fbund　that　acoustic
properties　of　soft　chirps　vary　with　body　weight　and　that　individuals　are　able　to　estimate
the　social　rank　of　an　emitter　based　on　its　vocalizations．　A　relationship　was　fbund
betWeen　social　ranl〈　and　the　emission　rate　of　soft　chirps，　such　that　the　emission　rate　is
positively　correlated　with　the　body　weight　difference　betWeen　pairs　of　individuals．　The
playback　of　acoustic　stimuli　revealed　that　a　stimulus　solely　elicits　responses　by
individuals　and　tum－taking　by　pairs　of　individuals，　and　that　individuals　reply　more
廿equently　to　stimuli　resembling　large　individuals　than　to　those　resembling　small
individuals．　Moreover，　I　showed　that　tum－taking　by　naked　mole－rats　might　occur　among
more　than　three　individuals　simultaneously．　These　findings，　obtained　in　two　behavioral
experiments，　are　the丘rst　documentatio且oftum－taking　in　a　rodent
　　　　　The　relationships　between　acoustic　properties　and　social　rank　a血d　between
emission　rate　and　social　rank　suggest　that　tum－taking　maintains　social　relationships．
Characteristics　oftum－taking　in　naked　mole－rats　resemble　those　of　reciprocaI
allogrooming　and　vocal　grooming　in．　other　species・
　　　　　Ialso　investigated　the　neural　substrate　fbr　tum－taking．　As　a　first　step，　I　conducted
aneuroanatom量cal　study　ofthe　auditory　nervous　system　ofnaked　rnole－rats　and　fbund
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that　the　basic　structure　of　the　auditory　system　rese王nbles　that　ofterrestrial　species．　I　thell
examined　the　involvement　of　the　medial　prefヒontal　cortex（mPFC）1n　social　rank
recognition　during　tum－taking．　In　accordance　with　my　predictions，　heat－electric　lesion
ofthe　mPFC　dismpted　modification　ofthe　emission、　rate　that　reflects　the　social
relationship　between　a　pair　of　individuals．　The　mPFC　in　other　malnmals　invo正ves
attentional　resource　allocation　to　biologically　important　stimuli　and　prediction　of
reinfbrcement（Rudebeck　et　aL　2006；Rushworth　et　al．2007）．　TogethLer，　these　results
suggest　that　the　mPFC　is　responsible　fbr　social　rank　recognition　in　tum－taking．　Through
these　neuroscientific　studies，　I　revealed　a　part　ofthe　neural　system　that　regulates
turn－taking．
　　　　　Which　brain　region　is　responsible　fbr　the　regulation　ofresponses　to　conspeci五c
sounds　and　response　latency？In　almost　alI　mammals，　the　periaqueductaI　gray　matter　of
the　midbrain　intensively　controls　innate　vocal　patterns（SkUltety　1962，1968；Jhぼgens＆
Pratt　1979；Jtirgens　1994；Behbehani　l　995；Esposito　et　aL　1999）．　Electrophysiological
stUdies　revealed　that　the　inferior　colliculus，　an　auditory　nucleus　in　the　midbrain，　of
naked　mole－rats　has　neurons　that　are　activated　by　specific　acoustic　characteristics　of　soft
chirps（unpublished）．　The　neuronal　system　connecting　these　tWo　regions　might　be
responsible　fbr　sound　emission　and　timing　oftum－taking．　This　neuronal　connectio且is
㎞own　in　bats　and　squirrel　monkeys，｛md　it　is　thought　to　be　involved　in　audio－vocal
unconditioned　reflexes（Doron＆Wollberg　1994；Metzner　1996；Pieper＆Jtぼgens
2003）．Thus，　fUtUre　research　should　ihhibit　this　connection　and　determine　whether
naked　mole－rats　successfUIly　carry　out　tum－taking．
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Conclusion
Tum－taking　can　be　considered　a　faculty　oflanguage　in　a　broad　sense，　which　is　shared
by　non－human　species，　in　terms。fthe　perspective　of　Hauser　et　al．（2002）．　Tum－talcing
is　essential　for　normal　linguistic　performance　and　thus　for“good　conversation．”The
advantage　ofmultidirectional　communication　such　as　tum－taking　is　mutual
acknowledgment　of　reception　and　decision　making　for　the　next　behavior　based　on　that
ac㎞owledgment．
　　　　　There　are　two　important　factors　regarding　tUrn－taking　in　naked　mole－rats：
response　time　and　social　cognition．　How　do　these　tWo　factors　relate　to　language？
Traditionally，　discourse　analyses　in　humans　have　fbcused　on　grammatical　aspects　of
language，　in　which　researchers　analyze　the　syntactical　structure　of　sentences　around
occurrences　of　tum－taking（e．g．，　Sacks　et　al．1974；Koiso　et　a1．1998）．　Several　studies
fbcusing　on　the　temporal　aspects　of　tum－taking　have　reported　that　synchrony　of
speakers　emerges　not　only　based　on血m－taking　intervals，　but　al　so　on　breathing　rhytims
and　associated　movements，　and　that　the　synchrony　reflects　the　emotional　proximity　of
speakers（McGarva＆Wamer　2003；Smoski＆Bachorowski　2003）．　SuccessfUl
tUrn－taking　requires　precise　utterances　based　on　a　prediction　of　grammatical　segments．
In　addition，　the　relationship　between　emotionaI　proximity　and　synchrony　impIies　the
possibility　that　social　relationships　affect　tUrn－taking．　Based　on　these　facts，　I　suggest
that　tum－taking　in　human　and　non－human　mammalian　species　shares　identical
fLmctional　and　neural　backgrounds，　and　in　particular　that　prosodic　aspects　of　language
might　be　homologous　to　tum－taking　in　non－human　ma皿mals．　This　assertion　allows
biological　stUdies　of　tUrn－taking　in　humans　based　on　a　perspective　different　f士om　the
typical　one（Fig．1）．　Such．　studies　might　be　conducted　by，　fbr　example，　sampling
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linguistic　performance　of　speakers　with　different　social　attributes　and　then　analyzing　the
occurrence　and　temporal　aspects　oftUrn－taking．　Lilikages　to　tum－taking　in　naked
mole－rats　might　be　found　ifwe　compare　the　results　of　such　experiments　to　results　from
naked　mole－rats．　Moreover，　brain　imaging　studies　of　simple　tasks　in　which，　fbr　example，
participants　emit　one－syllable　sounds　mutUally　might　reveal　brain　areas　responsible　for
tum－taking　in　humans．1　expect　that　this　research　will　become　a　starting　point　for
biological　studies　oftum．－taking　in　mammals　and　will　stimulate　studies　on　tum－taking　in
human　language．
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Figure　legend
Figure　1．Schematic　representation　of　a　new　perspective　for　tUrn－taking　research量n
humans．　Turn－taking　research　in　humans　has　been　confined　to　the　discipline　of
linguistics（ordinal　view）．　I　propose　a　new　perspective，　considering　that　tUrn－taking　in
humans　and　in　animals　shares　a　biological　background．　With　a　biological　model　system、，
research　based　on　such　a　perspective　could　be　accomplished．
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